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 Abstract 
 
The selenium chemistry in the decoloration process in flint glass melts was 
investigated both in commercial practice and in laboratory. Samples were taken 
from two furnaces of a flint glass production site, analysed with respect to Se, 
Fe, redox state, and color. Color defects during production could be attributed to 
an unduly high Se loss which, in turn, could be traced back to production 
periods with too high temperatures in the combustion space. Pull rate changes 
did, however, not have an unanimous effect. In lab experiments, the relation 
between redox state, total Se, Co, Fe, S on the one side, and the resulting color 
on the other side, were thoroughly investigated in an empirical way. Due to the 
very loss Se level, a speciation of Se could, however, not be performed. With 
respect to 0.05 % iron containing glass, the ratio Fe2+ to total Fe should not 
exceed 0.12 and the amount of sulfate should be ∼ 0.4 wt. %. Otherwise the Se 
loss might reach 100 %. Oxidizing conditions with a redox number about 15 was 
also found the optimum condition for the decoloration. The same absorption 
range of spectra between 220 ppm Se–iron free glass and 2 ppm Se–iron 
containing industrial glass, suggests FeSe may act as the dominating coloring 
agent in the decoloration process. This got along well with the constructed phase 
stability diagrams of Na-O-Se system. Finally, a strategy of vectors addition in 
the L*a*b* color space diagram was developed by which optimal decoloration 
conditions can be swiftly determined. The strategy was verified with a glass 
containing total Fe as high as 0.1 wt. %. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Kurzfassung 
 
Die Chemie des Selens im Entfärbungsprozess bei der Weißglasherstellung 
wurde sowohl in der Industrie als auch durch Laborexperimente untersucht. Es 
wurde Proben von zwei Weißglaswannen genommen und auf den Gehalt von 
Se, Fe, den Redoxzustand und die Farbe hin analysiert. Farbdefekte während der 
Produktion konnte auf unzulässig hohe Se-Verluste zurückgeführt werden, die 
wiederum auf Produktionsperioden mit zu hoher Oberofentemperatur 
zurückgeführt werden könnten. Wechsel des Durchsatzes hatten dagegen keine 
eindeutiger Effekt. In Laborexperimenten wurde der Zusammenhang zwischen 
Redoxzustand und Se-, Co-, Fe-, S- Gehalt einerseits und der resultierenden 
Farbe andererseits empirisch gründlich aufgeklärt. Wegen der geringen Se-
Gehalt konnte allerdings eine Spezies-Analyse für Se nicht durchgeführt 
werden. Bei Proben mit 0.05 % Fe sollte das Fe2+ zu Gesamteisen Verhältnis 
einen Wert von 0.12 nicht überstreiten, der Sulfatgehalt unter 0.4 Massen-% 
bleiben. Andernfalls erfolgt ein vollständiger Verlust von Se. Oxidierende 
Bedingungen entsprechend einer Redoxzahl von ca. 15 wurden als optimal für 
die Entfärbung identifiziert. Der gleiche Absorptionsbereich, der in Fe-freier 
Gläsern mit 220 ppm Se und in eisen haltigen Gläsern mit nur 2 ppm Se 
gefunden wurde, legt nahe, dass FeSe die Rolle des dominierenden 
Chromophors bei der Entfärbung übernehmen kann. Die Annahme der Existenz 
des FeSe unter den gewählten Bedingungen wird durch thermodynamische 
Rechnungen unterstützt. Schließlich wurde eine Strategie der Vektoraddition im 
L*a*b*- Farbraum entwickelt, mit deren Hilfe optimale Bedingungen für die 
Entfärbung rasch bestimmt werden können. Die Strategie wurde erfolgreich an 
einem mit 0.1 Massen- % sehr eisenreichen Glas erfolgreich getestet.  
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Chapter 1 
 
Introduction 
 
1.1    Motivation 
 
Appreciable clear flint glass is produced if the iron in glass is as low as the 
equivalent of 0.02 % of ferric oxide. Otherwise the special decolorizing 
methods are needed. Unfortunately, the raw materials including recycled cullet 
are normally contaminated with iron oxide, which commonly contributes to the 
green tint of the glass products.  
 
Many glass producers of quality flint glass around the world choose the option 
to use ultra pure low iron sand. This is well possible for companies having 
access to sands stemming from humus soils (typical of the moderate Northern 
climates); such sands have been purified through the ages by the complexing 
power of humic acids sweeping away 2+ and 3+ ions. By contrasts, sands 
stemming from tropical climates with arid soil degradation mechanisms contain 
relatively high Fe levels. Red colored soils predominate, and even the purest 
sands available do not qualify for the production of perfectly white glass without 
additional counter-measures. These may consist in additional sand dressing 
and/or in the decolorizing during the melting process.  
 
The proportion of iron present as an impurity in a glass container which can be 
physically decolorized is 0.02-0.05 %. The highest iron content that may be 
reliably decolorized is 0.09-0.12 % of Fe2O3. The intensity of the color due to 
iron oxide however, can be reduced very considerably by melting the glasses 
under suitable furnace conditions and by including small amounts of the 
decolorizers. The most popular pair is selenium/cobalt. Like iron oxide, the 
speciations of selenium crucially depend on the redox state in the glass melt. 
 
The decolorizing process is a difficult process because we have to deal with 
many chemical reactions and the multiplicity of coloring agents renders more 
difficulties. Special attention must be paid to the consistency of the delicate 
balance and the good agreement of all reactions involved. So a brilliant clear 
flint glass can be obtained. 
 
Selenium has been used in glass industry for a long time as a coloring agent to 
generate beautiful pink glass articles. Its main application, however, has been 
the production of perfectly color-neutral (white/gray) glasses by the so-called 
physical decolorizing process. This process is based on the physical super-
imposition of complementary colors. In specific, the residual blue-green or 
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yellow-green color generated by unavoidable traces of iron is compensated by a 
combination of cobalt blue and selenium pink. In order to reach a neutral color, 
the individual amounts of coloring agents have to be dosed at utmost accuracy. 
Otherwise, the overcharged species may dominate the color impression 
generation an undesired (yellowish, greenish, bluish, or pink color) hue. As the 
human eye is an extremely sensitive instrument, well able to distinguish among 
40,000 different color hues, such effect is easily conceived as a severe quality 
defect. Since the color effect does not only depend on the overall amount of the 
elements Co, Fe, and Se, but also on their speciation (Fe2+, Fe3+; Se6+, Se4+, Se0, 
Se2-) and on their competition with other redox-active species (the most 
important of which is sulfur), the physical decolorizing process is thus difficult 
to control, especially under changing the production parameters such as the load 
of the melting tank. Some interesting aspects for this work are: 
 
• Generating the Co blue species is usually no problem at all: the 2+ 
chromophore specie is very stable under different redox situations, hardly 
affected by the presence of Fe, S, or Se, and not at all prone to evaporation 
losses like selenium.  
 
• Controlling the kind of residual iron color is more challenging already: the 
Fe2+/Fe3+ ratio strongly depends on the overall redox conditions, as well as on 
the overall amounts of Fe and S. It is an indispensable prerequisite of a 
successful decolorizing process to keep the residual Fe hue constant.  
 
• The most difficult part in physical decolorizing is the control of selenium 
chemistry. Selenium, like sulfur, forms species of the kinds Se6+, Se4+, Se0, 
Se2- Only the Se0 is said to generate the desired complementary pink color; 
Se6+ and Se4+  are colorless while Se2- in the presence of Fe generates an 
reddish- brown. The speciation of Se is strongly influenced by the presence of 
Fe and S, and by the overall amount of Se. Yet, very little is known on the 
quantitative changes of color data as a function of total Fe and Se, and of 
redox variation. Beyond this, Se is extremely volatile; the volatile species is 
believed to be Se4+. Thus, in commercial practice, the retention of Se also 
may depend on some production parameters which are in reality always 
fluctuating whenever the type of produced item is changed. This renders the 
decolorizing a sensitive process.  
 
The effect of selenium alone in the decolorizing process was investigated by 
some workers already, including the formation of ferrous selenide and its 
important in the mechanism of decolorizing. In practice, the reproducibility of 
resulted glasses is still poor and hard to control due to the sensitivity of the 
process. 
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1.2 Objective and Scope 
 
As mentioned above, there are still some difficulties in industry to maintain a 
consistently good quality flint glass. This present work dealt with the 
understanding of selenium chemistry in the physical decolorizing process 
aiming at maintaining constant color generation conditions under ever changing 
production situations.  
 
The investigations comprise: 
 
1. Observations and sampling in industry 
The production conditions in a factory producing high quality flint glass and 
applying physical decolorizing were monitored, evaluated, and put into relation 
to the results from lab scale experiments. An overall mass flow balance for 
selenium was established (selenium introduced vs. selenium retained in the 
product). 
 
2. Lab scale tests 
Glass melts with compositions typical of high quality flint glass were doped 
with different amounts of Fe, S, Co, and Se. After that the color and chemical 
analysis were determined and evaluated.  
Moreover, the effect of redox state in the glass on the selenium balance was also 
studied. 
The other major concern was a possible color compensation for glass with 0.1 % 
iron. This work also focused on how to predict the involved coloring agents to 
obtain a better glass quality. 
 
3. Theoretical work 
In addition to these studies, another major concern was the chemistry and 
thermochemistry of the systems Na-O-Se, using systematic estimation and 
tabulated thermodynamic standard data. The systems were analyzed and 
presented in terms of phase stability diagrams displaying the coexistence regions 
for the Na-O-Se species. For lack of data in some cases, principles of data 
estimation had to be applied. A further objective was the assessment of nominal 
SeO2 activities in soda lime glass melts. By this, the conclusions for the 
coexistence regions were refined. 
 
The joint effort in the field of theory, lab experimentation, and factory sampling 
was expected to result in an enhanced understanding of the role of selenium and 
other involving reagent in commercial process. It will yield a better control of 
decolorizing results, and accordingly reduction of selenium loss. 
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1.3 Review of the literatures 
 
Since the past decade, elemental selenium and selenium-containing compounds 
have been used to replace manganese oxide as a decolorizing agent in the soda 
lime container glass industry.  
 
A big disadvantage of selenium is its relatively low incorporation into the glass 
melt. Only 10-20 % of the total selenium added to the batch remains in the glass, 
i.e., the major quantity is vaporized. The volatilization of selenium and its 
compounds is of high important in technology. Selenium begins to volatilize at 
200 °C, below its melting point of 217 °C. Its volatilization is significant above 
300 °C. Elemental selenium volatilizes more than selenium compounds in a 
neutral atmosphere. All the selenium compounds present in the glass are 
decomposed by interacting with dissolved sulfur in the glass. 1 There are lots of 
suggestions, however successful, for increasing selenium retention such as using 
batch preheater, prereacted pellets etc. 2 The redox state and furnace atmosphere 
have a considerable influence on the retention of selenium, extremely reducing 
or oxidizing conditions provide the best retention, while at slightly reducing 
conditions, the evaporation increases. 3
 
 1.3.1 Oxidation states of selenium 
 
There are 5 oxidation states of selenium 4 which strongly depend on the redox 
state in the melt.  
 
                       reduction                                    oxidation 
Se2-     ←⎯      Se→ x2-          Se←⎯→ 0     ←⎯→      Se4+     ←⎯→      Se6+
colorless          brown               pink               colorless            colorless 
 
In the form of its compounds, selenium occurs in five valences states. 
Se2- = selenide    colorless 
Sex2- = polyselenide    yellow or red brown 
Se0 = elemental selenium  pink 
Se4+ = selenite    colorless 
Se6+ = selenate    colorless 
 
Selenides form especially under strongly reducing conditions while 
polyselenides form under mildly reducing conditions and cause a reddish-brown 
color in the presence of iron called ferrous selenide (FeSe). The formation of 
FeSe is due to the substitution of Se2- for O2- in a Fe-O tetrahedron.5 Colorless 
selenites form in glass under oxidizing conditions. Their formations are strongly 
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promoted by oxidizing agents such as nitrate and arsenic or antimony, in other 
words, by increasing the basicity of the glass. Selenates are colorless as well, but 
their presence in glass is maybe exceptional, as it requires very strong oxidation. 
Under milder oxidation or neutral, the pink color occurred by free atomic 
selenium can be observed. 
 
1.3.2 Literature reviews on Se chemistry 
 
A review of literature gives a large number of different, sometimes conflicting 
reaction equations. Therefore, we present such findings in literature in terms of 
verbal only; if equations are presented, they withstand a later critical check. 
 
In terms of mechanisms, we have to deal with the following items: 
- effect of selenium species on color, 
- Se loss, 
- Se oxidation, 
- Se reduction, 
- Se disproportionation 
- Physical Se impoverishment by SO2 bubbles. 
All of these reactions are mentioned directly or indirectly in literatures. 
 
It is generally agreed that Se2- and Se0 may generate color, but Se4+ and Se6+ 
species don’t. The role of Se0 and Se2-is judged differently. Usually Se0 is said to 
be the appropriate decolorant, while FeSe is said to generate an ugly color. 
 
In glass containing iron oxide, the reaction equilibrium can be presented as: 6
 
4Fe3+ + 2O2-     re
ox
⎯⎯→←⎯⎯      4Fe2+ + O2. 
 
Oxidized ferric iron (Fe3+) is yellow whereas reduced ferrous iron (Fe2+) is blue. 
It was always believed that the fine pink of selenium compensated with the 
green color of Fe2+. The residue color and yellow tint from Fe3+ is normally 
neutralized by the use of a small amount of cobalt. 
 
Nowadays, the widespread use of oxygen sensors for direct measurement of 
oxygen partial pressures in the melt pointed out an interesting aspect. Based on 
container glass industrial conditions with oxygen partial pressures of about 0.01 
bars, the decolorizing by means of selenium pink is maybe not the correct view 
but it is the reddish-brown tint chromophore called FeSe which mainly plays this 
role instead. 7  
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Several investigations showed that the redox states of polyvalent elements 
depend not only on the external oxygen partial pressure but also on the presence 
of an additional polyvalent element. 8, ,9 10 In glass melting, the redox state is 
usually set by redox-active additions to the batch. 
 
Volf 11 gives an unreviewed compilation of many details from literature on the 
chemistry of Se in glass melting. A critical review of the respective chapter 
allows to drawing the following conclusions: 
 
• selenite decomposes at T > 600 °C in the presence of SiO2
 
Na2SeO3 + SiO2    Na←⎯→ 2SiO3 + SeO2  
 
• selenite may form selenate at sufficiently low T and high pO2
 
Na2SeO3 + 0.5 O2    Na←⎯→ 2SeO4; 
 
• should selenate form, decompose at T > 715 °C 
 
Na2SeO4     Na←⎯→ 2O + SeO2  + 0.5O2
 
In either case, there is a high risk of Se loss via SeO2 during batch melting. 
 
However, according to our later calculations, this is hardly significant in the real 
batch. 
 
Under slightly oxidizing conditions, the disproportionation of Se0 occurs: 
 
3Se + 3Na2O    2Na←⎯→ 2Se + Na2SeO3  
 
Rising temperature are said to shift the reaction to the right. 12. According to our 
later calculations, however, Se2- and Se4+ cannot coexist in glass melts above 
1000 °C. 
 
When sulfate presents in the glass, it has been known that at lower temperatures, 
sulfate has an oxidizing effect on Se.13, 14
 
Finally, Se interacted with Fe. First, Se is reduced by Fe2+ until Se2-, second, 
FeO and Na2Se may exchange their anions thus forming FeSe. 
15
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FeO + Na2Se             FeSe + Na←⎯→ 2O (T<1100 °C).  
 
The ferrous selenide generated is termed primary ferrous selenide. It has a 
yellowish-brown color. 
 
In case of selenium is over-charged, corresponding with NaNO3 and Sb2O3 are 
added too much. The oxidizing effect of those tends to oxidize selenium 
extremely. We achieve an extra amount of Na2SeO3. The decomposition of 
sodium selenite occurs once again in heat treatment or long annealing according 
to the equation 16
 
4Na2SeO3           ←⎯   4Na→ 2Se + 3O2. 
 
Na2Se reacts with the rest of FeO and creates so-called secondary FeSe, 
therefore the dirty yellowish color glass is obtained. In order to suppress this 
striking phenomenon, melting under weakly oxidizing conditions should be 
more preferable. 
 
There is still another very important interaction between Se and S species in the 
glass. Again, the chemical mechanisms presented in literatures (Volf) must be 
questioned. However, with sulfate oxidizing Se, SeO2 may be resorbed by SO3 
containing bubbles. Thus, high amounts of sulfate in the melt sweep out Se via 
diffusion mechanism. 
1.3.3 The effect of sodium nitrate and antimony oxide 
 
In the factory which has been cooperating in the frame of this study, sodium 
nitrate and antimony were used in the batch. NaNO3 has the role to compensate 
for oxygen deficiencies during the early states of batch melting. Thus, when 
Sb2O3 is added; there is always sufficient oxygen in the batch to oxidize to the 
pentavalent form as this reaction:  
 
Sb2O3 + O2    Sb←⎯→ 2O5     (1.13) 
 
Sb2O5 is a strong oxidizing agent like arsenic, 
17 however, more preferentially 
used due to the toxicity of the latter group.18  
 
In melting step, Sb2O5 will oxidize Fe2+ to Fe3+. The ratio of ferrous to ferric 
iron is decreased. However the proportion of oxidizing agent based on 
polyvalent oxides should be also appropriate, regarding to the reason of less 
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favorable condition for the formation of secondary ferrous selenide as 
mentioned before. 
 
With iron in excess beyond the limit of selenium decolorizing, the ferrous oxide 
does not combine with selenium to form the selenide completely. The 
combination of blue from Fe2+ with yellow from Fe3+ and FeSe gives a dull 
unpleasing green of the “sage green” type: 
 
FeO + Na2Se  ←⎯→    FeSe + Na2O. 
 
This equilibrium, shifting to the right at lower temperature and at high excess of 
iron, is very quickly established. The resulting color of the glass is imparted 
with the multiplicity mentioned above, rendering more difficulty the treatment 
of decoloration. R. D. Wright 19 showed that theoretically, for glass containing 
0.1 % iron oxide, the quantity of selenium and cobalt should amount to 12 and 2 
ppm, respectively. 
 
                                                 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
. 
 
 
 Chapter 2 
 
Theoretical part 
 
2.1 Optical measurements 
 
2.1.1 General aspect 
 
Light in the form of daylight or lamplight is a mixture of electromagnetic 
radiation of various wavelengths with the visible range reading from 380 to 780 
nm. When a beam of white light falls on a transparent colored body, some of 
radiation is absorbed, some transmit. The rest is reflected or emitted. If a certain 
wavelength dominates, the human eyes perceive this as color. If a glass article 
absorbs a specific wavelength, it is seen in the color of the remaining transmitted 
light. In ideal case, the spectral transmission curve of a white glass without any 
absorbing materials should not change the incident light. But in reality, iron 
oxides always present as a contamination. Ferric iron (Fe3+) shows the 
absorption peaks at 380 nm in the near ultraviolet and the ultraviolet region, 
imparting a yellow color to the glass. Ferrous iron (Fe2+) shows a strong infrared 
absorption extending into the visible range at 1050 nm, which leads to a blue 
color, see figure 2.1. 
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Figure 2.1. Linear absorption coefficients of ferrous and ferric iron in glass.20
 
The measurement of spectral transmission of glass by means of UV-VIS 
spectrophotometer is normally made on homogeneous glass samples of defined 
thickness, having plane, polished and parallel surfaces, with the spectral 
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radiation incident normal to the glass surfaces. The factors which may produce 
attenuation as measured by the spectral transmission curve are: 
 
• the reflection at the glass-air interfaces 
• the optical absorption in the body of the glass. 
 
The intensity of the reflection from an air-glass interface depends on: 
 
• the refractive index difference between glass and environment  
• the angle of incidence of the light 
• the polarization of the light. 
 
It is assumed that for normal window or container glass, the change in the 
refractive index with wavelength is certainly too small to give a big effect for 
color by reflection. The total reflection from a glass is both from the front and 
the back surface. The reflection coefficient (R) is identical whether the air-glass 
or the glass-air interface is considered. The relation between n and R for 
perpendicular incidence can be written as follows: 
 
R = {(n-1)/ (n+1)}2      (2.1) 
 
In case that the sample is exposed to air, for soda lime glass n is ∼ 1.5, therefore 
R is ∼ 0.04 or 4 %. 
Lambert-Beer’s law shows the relationship between the thickness of the glass 
and the concentration of the color agent, i.e., 
 
I = I0 exp (-a*c*x)       (2.2) 
 
I = transmitted intensity 
I0 = initial intensity 
x = thickness of sample 
c = colorant concentration 
a = absorption coefficient. 
 
-log (I/I0) = ε*c*x       (2.3) 
 
The law only applies within the body of transparent materials. The ratio of I/I0 
(referred to the initial light) corresponds only to the transmission in the glass 
itself called “internal transmission” (Ti). 
 
-log Ti = ε*c*x       (2.4) 
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where -log Ti = extinction or optical density and ε = decadic extinction 
coefficient. 
 
2.1.2 Method of internal transmission measurement 
 
For the purpose of the color measurement, the human eye responds to radiation 
of wavelength 380-780 nm. Therefore, the measurement of transmission should 
cover this range. For determining the redox state, the NIR range (begins above 
780 nm) is of interest. By means of a spectrophotometer, the so-called 
tristimulus values are calculated from the spectrum in terms of the particular 
reference red, green and blue lights of the instrument. The values can normally 
be translated into the equivalent in the CIE. system. For details, see section 2.1.4 
and 2.1.5. 
 
There are two methods according to the geometric of glass samples.  
 
2.1.2.1.Well polished and plane parallel samples 
 
The procedures are; 
 
• calibrate the spectrophotometer between 330-1100 nm by measuring air 
against air in order to get a calibration line 
• measure samples against air. 
 
Calculation
 
For glasses of refractive index 1.5, the inner transmission (Ti) for both of 
interfaces of sample with specific thickness is: 
 
Ti = T/(1-R)2       (2.5) 
 
Ti = inner transmission of glass thickness x 
T = a primary beam transmission (relatively in 1) of thickness x 
R = reflection coefficient. , see (2.1) 
 
For comparison, the thickness of glass should be normalized into 1 cm. or 10 
mm. 
 
Supposed the real thickness of sample is x, and normalized thickness is d. 
According to equation (2.4), we can get  
 
-logTid = ε*c*d       (2.6) 
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where Tid is the inner transmission for the thickness d. Then we obtain  
 
logTid = log Ti*d/x.      (2.7) 
 
Similar to equation (2.5), the inner transmission for the thickness d is 
 
    Tid = Td/(1-R)2.       (2.8) 
 
Td =a normalized corrected transmission relative in 1 
 
Replace Tid in (2.7) 
 
logTd/(1-R)2 = log Ti*d/x       (2.9) 
 
therefore, 
 
     Td = 10 logTi*d/x*(1-R)2      (2.10) 
 
2.1.2.2. Non parallel and non polished samples  
 
The measurement is done in quartz glass cuvette (10 mm wide), the medium is 
an immersion fluid which has a refractive index (n) about the same as the glass 
samples. 
 
The procedures are as followings: 
 
1. Calibrate the spectrophotometer by measuring the cuvette with the 
immersion oil (in this study, dimethyl phthalate was used) both for 
reference and measuring probe, in order to get a calibration line 
 
2. Measure the immersion oil against air, the transmitted value is used for 
calculation in order to get the inner transmission of the oil (Toil) at 10 
mm thickness. 
 
Calculation for oil correction 
 
At first it is necessary to make the correction for the quartz cuvette itself. The 
refractive index of quartz glass is 1.463. For normal incidence and for a larger 
number of surfaces, with absorptive nearly equaling to zero, the reflectance R 
can be computed from this following equation. 21
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R = 1-[1-(n-1 / n+1)2]m      (2.11) 
 
Where m is the number of boundary surfaces. 
 
 
 
air air air 
Figure 2.2. Illustration of multiple reflections at a blank quartz cuvette in air. 
 
After calculation, the total reflection of blank quartz cuvette is 6.46 % 
 
3. Correct the transmitted value from 2 in 2.1.2.2 by subtraction 6.46. 
 
The correct spectrum of oil alone is shown in figure 2.3. 
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Figure 2.3. Corrected transmission curve of the medium oil in a 10 mm cuvette. 
 
4. Measure the transmission of the glass sample by putting in the 
measuring probe with oil; keep another cuvette with oil for the 
reference. 
 
Calculation 
 
The resulting transmission is composed of the transmission of the glass sample 
with thickness x mm and the change of the transmission of oil happened by 
replacing some part of immersion oil by the glass sample. The reflection of the 
cuvette itself has already been compensated by the basic calibration from 1.  
 
Ti = Ttotal – (100-Toil)*x/10     (2.12) 
 
Ti     =   inner transmission at glass thickness x 
Ttotal =   total transmission obtained from spectrophotometer 
Toil   =   inner transmission at oil thickness 10 mm. 
 
log Ti = log Ttotal+logToil*x/10     (2.13) 
 
We have to normalize log Ti to 1 cm; the calculation then follows equation (2.5): 
 
log Tid = log Ti*10/x,      (2.14) 
 
where -log Tid is the extinction value which is used for the determination of the 
concentration of the colorants. 
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The corrected spectra of samples which were measured by this method read 
 
Td = 10 log Tid       (2.15) 
 
Figure 2.4 illustrates the example of one non parallel glass sample which was 
measured and calculated as described above 
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Figure 2.4. Corrected curve as the resultant curve after correction for oil and 
sample thickness. 
 
2.1.3 The determination of concentration of FeO and Fe2O3 
20
 
According to Lambert-Beer 's law, see (2.4), 
 
-log Ti = ε*c*x 
 
-log Ti is called the extinction value (E) which has a linear dependence on the 
product of glass thickness and colorant concentration. The constant, ε is called 
the linear extinction coefficient which can be evaluated from transmission 
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curves of known colorant concentration, thickness and reflection. Such 
measurements required to be done as a function of wavelength. Once ε is 
known, E can be determined from spectrum. Therefore, any colorant 
concentration can be translated to an equivalent transmission. 
 
For Fe2O3(Fe3+), 
 
E380 = 1.27*CFe3+*x       (2.16) 
 
in the same way for FeO (Fe2+), 
 
E1050 = 9.1*CFe2+*x.       (2.17) 
 
Where 1.27 and 9.1 are the extinction coefficients (ε) of iron at wavelength 380 
nm and 1050 nm, respectively. 
 
For free exposure sample, reflection coefficient (R) should be calculated for 
correction. 
 
from (2.5)                                       Ti = T/(1-R)2 
 
R for soda-lime glass is approximately 0.04. 
 
Ti = 1/ (1-0.04)2*T        (2.18) 
 
log Ti = log T+0.036       (2.19) 
 
-Ei = -E + 0.036        (2.20) 
 
from (2.16) and (2.17) 
 
CFe2+/CFe3+ = 0.139*(E1050/E380)      (2.21) 
 
corrected by (2.20) 
 
CFe2+/CFe3+ = 0.139*((E1050-0.036)/(E380-0.036))           (2.22) 
 
The extinction values for wavelength 380 and 1050 nm can be calculated from 
the transmission curve as shown previously. 
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In this work, the absorption peak at 1050 nm attributed to Fe2+ was calculated to 
quantitatively determine Fe2+ in the glass. The ratio of Fe2+/total Fe (as Fe2O3) 
was used as the indicator of glass oxidation stage. 
 
2.1.4 The procedure for color measurement (DIN 5033) 
 
Color can be quantitatively determined by measuring the transmission, I/I0, at 
various wavelengths. Commonly, (I/I0)*100 or log (I/I0) is plotted against the 
wavelength. The latter method is called the extinction curve. It may be more 
significant because it is proportional to the concentration of the absorbing 
materials when the thickness of the samples is constant. Figure 2.5 shows the 
spectral absorption and figure 2.6 shows extinction curves of the Se0 and FeSe 
containing glass, respectivey. 
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Figure 2.5. Spectral absorption of FeSe and Se pink in glass 20
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Figure 2.6 Extinction curves of Se and FeSe in glass 22
 
Each of the peaks represents a characteristic absorption band and the position of 
the maximum is characteristic for the absorbing materials. Selenium in glass has 
two absorption peaks in the visible range, a steep peak at 500 nm, and a flat peak 
at 750 nm, whereas ferrous selenide has a very strong peak at 490 nm. 
  
As stated before all color data can be computed from the transmittance data 
obtained by means of spectrophotometry. Let us discuss first the fundamental of 
color qualification. The average sensitivity of the human eye, in terms of the 
wavelength dependent tristimulus values for red, green and blue are called X(λ), 
Y(λ)and Z(λ), respectively (see figure 2.7). The highest sensitivity for the 
human eye is said to be green light at about 550 nm wavelength. 
Figure 2.7. Normalized sensitivity of the human eye. 
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These values have been adopted by the Commission Internationale de 
I’Eclairage (C.I.E). 
 
When the tristimuli, as a function of the wavelength, are normalized to their 
respective sum, the trichromatic coefficients x, y and z are obtained: 
 
 X Y Z x+y+z=1x = , y = , z =
X+Y+Z X+Y+Z X+Y+Z
:   (2.23) 
From the normalized value x, y, we can get the two-dimensional color diagram 
or so–called C.I.E chromaticity diagram. Any color is located within its 
boundaries as shown in figure 2.8. 
 
 
1
520
0
0.2
480
380 to 470 nm
0.4
0.8
0 0.2 0.4 0.6 0.8
x
y 580
600
500
C 610 to 780 nm
 
Figure 2.8 Chromaticity diagram. 
 
In order to quantify a color impression in an unambiguous way, we also need to 
specify the optical features of the illuminant or light source. Mostly we use the 
so-called type C which is an artificial standard for average daylight. Note that 
the position of C in the chromaticity diagram is determined by the VIS path of 
black body radiation at 6500 K. After we obtain the corrected transmission for 
each wavelength T(λ) calculated as mentioned before and the tabulated relative 
intensity I(λ) of the light source is known, the three color values, XP, YP, ZP of 
our sample can be calculated as: 
 
0.6
540
560
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780
380
nm
nm
∫XP =    X(λ)* I(λ) *T(λ).d(λ).    (2.24) 
 
In the same way we can get YP and ZP, afterwards, the coordinates of the sample 
spectrum P(x, y) or so-called color locus P can be determined as given in 
equation 2.23  
  
The Y value represents one of the color properties called brightness which 
shows how much the surface of the sample can reflect light.  
 
 
igure 2.9. Chromaticity diagram showing how to find saturation and dominant  
 
he border line represents the 100% purity or saturation of the pure spectral 
pression. The ratio of 
 
F
wavelength value. 
T
colors. At the white spot C, the purity is 0. The straight line drawn from white 
spot C through the color locus P meets the line of the pure spectral color at point 
Q which is called the dominant wavelength, i.e., the predominant color 
C P
C Q
−
−im  is the percentage of color saturation.  
 
2.1.5 The L*a*b* color system 23
 
This system presents the color qualities by arranging the qualities green/red (±a) 
and blue/yellow (±b) on two perpendicular axes in a symmetrical way. The L 
axis perpendicular to this plane at its neutral point, quantifies the qualities black-
grey-white. 
30  2. Theoretical Part 
The way how to calculate L*a*b* is described below. (DIN 5033, 1992) 
 
1/3L* = 116(YP/Y0) -16       (2.25) 
 
a* = 500[(XP/X0)1/3-(YP/Y0)1/3]      (2.26) 
 
b* = 200[(YP/Y0)1/3-(ZP/Z0)1/3]      (2.27) 
 
where X0, Y0, Z0 are the tristimulus value of the illuminant C.  
 
The color of container glass is usually defined by the three color references 
numbers: dominant wavelength, purity and brightness.24 Most glass factories 
prefer the use of a combined system, communicating a color in terms of the 
dominant wavelength and purity but complementing it with L value from 
L*a*b* system. The controlling criterion with respect to color of some factories 
is the dominant wavelength. For example, if the dominant wavelength increases, 
this may indicate that the Se0 state increases. The input selenium is therefore 
duced. 
pectrometer 
DXRF) then detected and integrated in order to give a measure of emission 
ing rate (counts per second, cps, or thousands 
 the elemental concentration by means of the 
f total 
re
 
2.2 X-ray fluorescence analysis method. 25
 
X-ray fluorescence (XRF) is an analytical technique widely employed in glass, 
ceramics and raw material industries. This method is accurate, sensitive and 
reproducible. The sample is exposed to a primary beam of X-ray emitted from a 
source (tube) which give rise to the emission of X-rays characteristic of the 
elements presenting in the sample (secondary beam). The emitted lines are 
selected by means of a wavelength (WDXRF) or energy dispersive s
(E
intensity (counting rate). The count
f cps, kcps) can be converted too
comparison to standard samples with known concentration. The calibration 
curves are prepared by using certified standards, interlaboratory reference 
materials or synthetic samples.  
 
The calibration curves below were used to determine the amount o
elenium and total iron in this work. s
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2.3 Phase stability diagrams  
 
A convenient representation of the behavior of a multivariant system is a phase 
stability diagram displaying isothermal phase stability areas of different 
                                                
 
Figure 2.10. Calibration curves for XRF (a) of total iron oxide in percent (b) of 
total selenium in ppm. 1
 
 
1 Part of this XRF analysis was conducted with the kind support of Saint-Gobain 
Glass Deutschland GMBH, Herzogenrath, Germany. 
 
 
 
 
a) 
b) 
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condensed substances as a function of gas pressures. This permits to display the 
competition between the different components in the system.  
 
To generate such a diagram, it is necessary to list all the compounds known or 
expected to exist for the given elements, principle thermodynamic data, i. e., 
heats and entropies of formation including heat capacity of each ponent 
must be obtained as input. In case of lack of some data, systematic estimates are 
performed. Next, a list of all the possible reactions is compiled. 
 
In this work, the type of phase stability diagram refers to a three-element 
system, i. e., Na-O-Se. The diagrams are considered as a function of selenium 
and oxygen atmosphere and as a function of the basicity of the glass. Three 
important temperatures were specified, namely 1400 °C (1673 K); 1500 °C 
(1773 K) for melting and 800 °C (1073 K) for forming. The compounds 
considered to exist in the system are: Na2O, Se2O, Na2Se2, Na2Se, Na2SeO3 and 
Na2SeO4. The compilations of the reactions between competing components are 
as follows: 
 
1 2Na + 0.5O2      Na2O 
 
2 Na2O + Se + O2     Na2SeO3
 
3 Na2SeO3 + SeO2     2.5O2 + Na2Se2
 
4 Na2O + 2SeO2     Na2Se2 + 2.5O2
 
 Na Se + 1.5O      Na O + SeO
6 Na2O    Na2SeO4
   Na2SeO3
 
9 Na2Se + 0.5O2     Na2O + Se 
com
←⎯→
←⎯→
←⎯→
←⎯→
5 2 2 2 2
 
+ SeO
←⎯→
2 + 0.5O2 ←⎯→
 
 Na7 2Se + 1.5O2  ←⎯→
 
8 Na2Se2 + 3O2  ←⎯→    SeO2 + Na2SeO4
←⎯→
 
10 Na2Se2 + 2.5O2  ←⎯→    Na2Se + SeO2 (gas) 
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2.3.1 Fundamentals 
 
As mentioned above, it is essential to know the fundamental data of the standard 
calculated by  
enthalpy of formation (H0298), the standard entropy of formation (S0298) and heat 
capacity at constant pressure (CP). 
 
For some component such as O2 Na2O, the thermodynamic properties are easily 
found from tabulated data including the polynomial CP which is 
 
CP = A + B*10-3*T + C*105*T-2 + D* 10-6*T2.  (2.28) 
 
where A, B, C and D are coefficients derived from experimental data. 
Once CP is known, the quantities ∆HT and ∆ST are computed by: 
 
∆HT = ∫T
298
Cp.dT        (2.29) 
 
∆ST = .dTT
C∫ pT
298
       (2.30) 
0  (2.31) 
0  (2.32) 
inally, the Gibb’s energy function is calculated by 
  G  = H  - T*S        (2.33) 
 the standard state, 
  G  = H  - 298*S        (2.34) 
GT = GT – G        (2.35) 
e
GT pro  
  HT = H  + ∆HT      
 
  ST = S  + ∆ST      
 
F
 
T T T
 
In
 
0 0 0
 
∆ 0
 
 
Every ch mical reaction results in a change in Gibb’s energy, which we can 
measure as 
 
∆GT of reaction = ∑∆ ducts – ∑∆GT reactants. (2.36)
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The Gibbs energy of a chemical reaction depends on the heat and entropy of the 
actants and products. It also depends on the concentration of reactants and 
     (2.37) 
2.3.2 Da
dic table. 
tion within the 
omologous sequence of Na2S and Na2Te for which thermodynamic data are 
found. H acities 7 
J/(mol.K), respectively .  
re
products: 
 
∆GT of reaction = -RT ln K
 
where R is the gas constant = 1.987 cal/(K*mol) = 8.314 J(K*mol), T = 
temperature in Kelvin and K = equilibrium constant. 
 
ta estimation by linear interpolation 
 
Selenium occurs in the same group as sulfur and tellurium in the perio
The heat capacity of the Na2Se was estimated by a linear interpola
h
eat cap  at 298 K of Na2S and Na2Te are 84.943 and 77.33
. The anion radius (r) of S2- and Te2- are 184 and 221 pm
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Figure 2 d 
 
2- is 198 pm, hence the CP for Na2Se obtained in the unit of  
e CP of Na2Se, the CP of Na2SeO4, Na2SeO3, Na2Se2 were computed 
y using   
llustrate . 
 
 
S2-
 
.11 Homologous sequence of the heat capacity of Na2S, Na2Se an
Na2Te. 
The radius of Se
J/(g atom.K) was 27.352 or = 27.352*3 = 82.057 J/(mol.K). 
 
ased on thB
b  the law of approximate additivity of partial molar quantities. Table 2.1
s the Ci
 
P both from tabulated data and from calculation
Se
Te2-
2-
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Table 2.1. Heat capacities of Se compounds. 
 
Substances Tabulated CP, J/(mol.K). Calculated CP, J/(mol.K).  
Na2SO4 30.679 - 
Na2S .93  
2SO4-Na2S=[O4] - 30.679-84.931=-54.252 
 
2SO3-Na2S=[O3] - 28.7-84.931=-56.231 
82.057+(-56.231)=25.826 
- 
84 1 - 
Na
Na2Se+[O4]=Na2SeO4 - 82.057+(-54.252)=27.805 
Na2SO3 28.700 -
Na
Na2Se+[O3]=Na2SeO3 - 
Se 25.376 
Na2Se+Se=Na2Se2 - 82.057+25.376=107.433 
 
Once CP for each substance is known, GT and log K is calculated. The procedure 
for a given temperature of reactions 1-10 is obtained by following step by step 
as described in equations (2.29)-(2.37). Table 2.2 compiles ∆GT for each 
component. 
 
Table 2.2.Thermodynami  calculated 
from CP. 
 
 
Temp. GT
c data of compounds in Na-O-Se system
H0, HT S0, ST G0, GT ∆
K kJ/mol J/(mol*K) kJ/mol kJ/m
-342.67 92.05 -370.1
ol 
298 Na2Se  0
1073 -279.75 196.04 -490.10 -120.00 
1673 -231.03 232.11 -619.34 -249.24 
1773 -222.91 236.82 -642.79 -272.69 
298 Na2Se2 -388.28 125.52 -425.68  
1073 -305.03 263.1 -587.34 -217.24 
-229.83 317.06 -791.97 -421.87 
298 SeO2(g) -107.90 264.8 -186.81  
1673 -240.57 310.82 -760.57 -390.47 
1773
1073 -67.71 329.73 -421.51 -234.70 
1673 -33.78 354.81 -627.38 -440.57 
1773 -28.00 358.17 -663.03 -476.22 
298Na2SeO4 -1079.00 117.15 -1113.91  
1073 -1057.45 152.76 -1221.36 -107.45 
1673 -1040.76 165.11 -1316.99 -203.08 
1773 -1037.98 166.72 -1333.58 -219.67 
298Na2SeO3 -989.55 147.13 -1033.40  
1073 -969.54 180.2 -1162.90 -129.50 
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1673 -954.04 191.67 -1274.71 -241.31 
1773 -951.46 193.17 -1293.96 -260.56 
298 Na2O -415.10 75.01 -437.45  
1073 -346 183.96 3.69 -106.23 
1673 -226 272.15 1.43 -243.98 
-215.66 278.22
(g) 0.00 205.15
.30 -54
.12 -68
1773 -708.95 -271.50 
298 O2 -61.13  
1073 -25 246.49 9.93 -228.80 
-46.96 262.38
-50.66 264.55
298 Se(s) -3 42.26 6.39  
.45 -28
1673 -485.92 -424.79 
1773 -519.71 -458.57 
.80 -1
1073 16.80 72.67
1673 31.51 85.7 -111.86 -50.68 
-61.18 -44.78 
1773 43.28 93.1 -121.78 -9.93 
 
2.3.3 Example of calculation 
 
Among the collection of independent variables which are necessary to describe 
the behaviour of the system. In this study, we consider firstly, the oxygen partial 
ressure versus the partial pressure of SeO2, and secondly, the partial pressure of 
xygen versus the Na2O activity. For more understanding, reaction 5 is selected 
as an exam
 
Na2Se + 1.5 O + S  (2.38) 
 
Table 2.3. Data shows GT of  spe en b d ∆GT of 
reaction. 
 
Temp,K N SeO2 O
∆
r
the state of the system, two variables of particular interest are chosen to explore 
p
o
ple. 
O2 ⎯→←K   Na2 eO2   
 selected cies tak  from ta le 2.2 an
a2O Na2Se 2
GT of 
eaction log K 
1073 -543.69 -421.51  - --490.10 289.93 330.13 0.0161 
1673 -6   -48 - 0.0139 
1773 -708.95 -663.03  - -
81.43 -627.38 -619.34 5.92 446.50 
-642.79 519.71 469.34 0.0138 
 
∆GT of reaction was computed as in (2.36), log K was consequently obtained by 
(2.37). 
K = [ ][ ]2Na Se 21.52
N pSeO
*pO
,  2.39) 
 
log K = 2 g log [ - 2.40) 
2
a O *      (
log [Na O] + lo  pSeO2 - Na2Se]  1.5log pO2    (
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For a given t ature of 10  obt
 
0.0161 = log pSeO2 - 1.5  2.41) 
 
When denoting log pO2 = x and log pSeO  s ne representing this 
reaction, which has a slope of 1.5 and an intercept of 0.0130 is created. Similar 
procedure was done for other ting l f lines for 
one given te ture was co ed and the phase stability diagram of this 
system was established, showing of predom  o i nents.  
 
2.3.4       Res
 
2.3.4.1   Ph ability diagr f Na-O s ion  pO2 and 
log pSeO2. 
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K) calculated for Na2O activity = 1. 
 
Figure  shows the p
xide partial pressure. In the reality of the glass melting process, however, we 
eve O4 
(Se6 ing 
 
Figure 2.12. Phase stability diagram of the Na-O-Se system at 1500 °C, (1773 
 2.12 hase stability as a function of oxygen and selenium 
o
n r expect Na or NaO2 to form. The diagram presents that neither Na2Se
+) is created in a normal flint glass process because of the extreme oxidiz
Na2Se 
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conditions required. On the other hand, Na2Se2 (Se2-) needs strongly reducing 
flint glass process as well. The 
ontent of diagrams should be then adjusted to the reasonable partial pressures 
of ox
conditions. This situation is not met in the 
c
ygen for industrial practice. 
 
The resulted phase stability diagrams for three given temperatures are presented 
in figure 2.13 
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Figure 2.13. Phase stability diagram for the Na-O-Se system at a) 1400 °C, b) 
1500 °C and c) 800 °C, Na2O activity = 1. 
 
Usually, a phase stability is constructed corresponding to the assumption that the 
participants are in their references st with activity = 1. But in glass melting, 
log aNa2O is very different from 0; it is between -7 and -8. It is thus essential to 
reconsider the phase stability of Na-O-Se regarding the Na2O activity. The 
calculation was identical as before but focuses on the reactions with log aNa2O 
ates, 
involved. These reactions are: 
 
1 2Na + 0.5O2   ←⎯→    Na2O 
 
2 Na2O + SeO2  ←⎯→    
 
3 Na2O + SeO2  ←⎯→    
 
The new coexisting lines corresponding to above
= -8. They are shown in figure 2.14, see for comp
Na Se 2
Na2SeO3
Na2O 
c) 
log pSeO2
 
log pO2Na2Se + 1.5O2
Na2SeO3
 three reactions with log aNa2O 
arison figure 2.12. 
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Figure 2.14. Phase stability diagram of Na-O-Se in 1500 °C di
coexistence line shift, reaction 1 is shifted -16 points
axis, reaction 2 is shifted -5 points along the x-axis a
along the y-axis, whereas reaction 3 is shifted +8 poi
y-axis. 
 
In order to see all sp m, the range of figure ecies in this syste 2.14 wa
500 an
broad like figure 2.12. The extent of the axis should be shortened to
range for glass technology. 
 
Figure 2.15 and 2.16 present the shifted coexistence lines in 1
   log pO2
splaying the 
 along the x-
nd +8 points 
nts along the 
s scoped too 
d 800 °C. 
 a reasonable 23 pSeO2log
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Figure 2.15. Enlarged view of the phase stability diagram of Na-O-Se at  
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Figure 2.16. Enlarged view of the phase stability diagram of Na-O-Se at  
 
nterpretation of the diagram 
Figure 2.14 reveals that Na, which should not exist in glass melt, is really 
beyond the commercial scope of log pO2 when considering the correct activity 
of Na2O in the glass melt. With the respect to the diagrams, the following 
reactions are probably valid: 
 
 
 
                    800 °C for a) log aNa2O = 0, b) log aNa2O = -8. 
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At low T ( < 1000 °C), see figure 2.16 b: 
 
Se + O2 + Na2O ←⎯→  Na2SeO3
 
SeO2 + Na2O   
  
←⎯→    1.5O2 + Na2Se 
 
Na2Se + 1.5O  2  ←⎯→    Na2SeO3. 
 
In oxidizing conditions, Na2SeO3 ow temperature. 
 
At high temperature, see figure 2.15 b: 
 
Na2Se + 0.5O2   
 can be found in l
←⎯→    Na2O
e  + 2.5O2   
 + Se 
 
Na2S 2 ←⎯→    Na2Se + SeO2 (gas) 
 
The predominant species is Na2Se. The decolorizing process is believed 
occurring in the cooling process. Na en employed for FeSe generation 
after equation: 
 
FeO + Na2Se   
2Se is th
←⎯→    FeSe + Na2O. 
 
For glass forming at lower temperatures, Na2SeO3 can be reproduced. This is 
harmless because of its colorless property unless the amount is not high. 
Otherwise, the striking phenomenon may occur as described in.1.3.2. 
 
2.3.4.2 Phase stability diagrams of Na-O-Se as a function of log pO2 
and basicity of glass 
ing log 
2 2
 
 ones, but usThe diagram was constructed in a similar way to the former
Na O as y-axis. (log pSeO  is = 0). a
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re 2.17 Phase stability diagram for the Na-O-Se system as the function of 
oxygen partial pressure and Na2O activity of glass at a) 1400 °C, b) 
1500 °C and c) 800 °C. 
 
Interpretation of the diagram 
 
The predominant species obtained from figure 2.17 show some correlation to the 
former diagram. Much interesting is Se species was found in the condition of 
neutral or slightly oxidizing at high temperature. 
 
At low temperature, there is a main reaction of: 
 
Figu
Na2Se + 1.5O2   ←⎯→    Na2SeO3. 
 
With rising temperature in the melting process, these reactions are valid: 
 
Na2O + Se + O2   ←⎯→    Na2SeO3
 
Na2SeO3    ←⎯→    Na2Se + 1.5O2
 
Na2Se + 0.5O2   ←⎯→    Na2O + Se 
 
When we consider at log a Na2O = -8, it can be concluded that at high T, the 
predominant species are Na2Se and Se. 
 
ure the components 
ner soda-lime glass are mostly Na2Se and 
Na2SeO3. Generally log pO2 of oxidizing container glass is about 0 to -2 at  
1400 °C, as displaying by this convenient diagram we can confidently postulate 
that at high temperatures there is a mixture of Na2Se and Se components. More 
reducing melting atmosphere supports ccurrence of Na2S
 
For the purpose of decolorizing, the reactions for FeSe generation are not only  
 
FeO + Na2Se  
In conclusion from
existing in commercial flint contai
 both obtained diagrams, at low temperat
 more o e. 
←⎯→    FeSe + Na2O 
 
but maybe also 
 
3Se + 2FeO   ←⎯→    2FeSe 2
 
 
+ SeO
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Concerning the lower temperature in the forming process , we find in general 
d species + 
 
reduce n O
4 2
          ←⎯→   oxidized species + n
2
O2-
he equilibrium constant K(T) depends on the temperature and increases with 
e melt is too oxidizing. Note 
at this result goes together very well with the result from figure 2.16 b) and 
 
 
T
the decreasing temperature. If the melt is cooled down, the equilibrium shifts to 
the right.26, 27 Hence the oxidized species (in this case Na2SeO3) is regenerated. 
Especially when selenium is overcharged and th
th
figure 2.17 c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 3 
Investigation an industrial glass 
 
The production conditions in a high quality flint glass factory applying physical 
decoloration by selenium/cobalt were monitored. Samples were taken from the 
lines on a daily basis especially when the pull rate was changed or whenever the 
color of the glass deviated. Samples were coded by furnace/feeder 
line/date/month.  
 
The following quantities were recorded corresponding to the days, at which the 
samples were collected,  
- the melting area and capacity of the tanks 
- the pull rate 
- the stay time (or residence time) 
- the amount of energy used 
- other furnace data 
- the batch composition, in specific the amounts of sulfur, selenium, cobalt 
and iron introduced into the tank. 
 
3.1 Data of the factory 
 
The production data including samples and the base glass composition was 
supplied by a glass factory locates in Samutpragarn, Thailand. There are two 
tank furnaces called furnace A and B. The principle production data are 
compiled in the table 3.1. 
 
Table 3.1. Principle production data of furnace A and B. 
 
 
data A B  
width (m) 4.9 4.9  
length (m) 7.5 8.5  
melting area (m2) 36.8 41.7  
depth of basin (m) 1.2 1.3  
tank volume (m3) 44.1 54.1  
capacity (t) 101 125  
max.pull (t/d) 59 67  
max.pull rate (t/(m2.d) 1.6 1.6 no boosting 
min.norminal stay time (d) 1.7 1.9  
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max.pull (t/d) 71 79  
max.pull rate (t/(m2.d) 1.9 1.9  with boosting 
min.norminal stay time (d) 1.4 1.6  
 
In case the boosters are used, an extra capacity of 12 t/d is added up each 
furnace, specific gravity of glass of this factory is between 2.46-2.48. 
 
Raw materials 
 
The following table shows the chemical analysis of raw materials in the period 
of collecting samples: 
 
Table 3.2. Chemical analyses of raw materials. 
 
raw SiO2 Fe2O3 CaO MgO Al2O3 Cr2O3 MnO, Na2SO4 Na2CO3 NaNO3
materials % % % % % ppm ppm % % % 
silica sand 99.63 0.013 - -   0.22 0.38   3.13 - - - 
dolomite - 0.012 32.82 19.32 - 6.25 12.5 - - - 
alumina - 0.001 - - 99.9 - - - - - 
soda ash - 0.001 - - - - - - 99.84 - 
salt peter - 0.001 - - - - - - - 99.59 
sulfate - 0.001 - - - - - 99.47 - - 
  
Batch composition in 100 kg batch: 
silica sand   36.47  kg 
soda ash   11.79  kg 
dolomite   10.94  kg 
alumina oxide    0.61  kg 
sodium sulfate    0.27  kg 
sodium nitrate    0.36  kg 
antimony trioxide    0.03  kg 
1/10 selenium    0.0094 kg 
1/50 cobalt     0.0036 kg 
cullet    39.50  kg. 
 
Remarks : Se and Co are added as premix 40 sand + 50 alumina + 10 metallic selenium, and 
40 sand + 58 alumina + 2 cobalt oxide, respectively. 
 
Chemical analysis of glass (collected by the factory averaged in year 2000) 
 
SiO2    72.48  % 
Al2O3      1.40  % 
CaO      7.14  % 
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MgO      4.11  % 
Na2O    14.13  % 
Fe2O3      0.026 % 
SO3      0.18  % 
Alkaline release    0.74  % 
 
3.2 Sample preparation and experimental procedure 
 
Glasses with good quality of both furnaces were collected during March to June 
2000. About April 2003, the glass color deviated towards a greenish tint; 
therefore, the green samples were also collected from both furnaces and 
investigated.  
 
After cleaning the broken sample surfaces, each sample was separated to two 
parts. 
 
3.2.1 About 20 g were ground by a tungsten carbide mortar to approximately 
 –63 µ for quantitatively analysis by XRF (Phillips PW 2510) focusing on total 
Se, Fe2O3 and SO3. Unfortunately, the amount of Co could not be analyzed 
because of the interference with the mortar material, tungsten. 
 
3.2.2 The other parts were cut into rectangular pieces suitable to be put into a 
cuvette for the optical measurement (see 2.1.2.2) carried out by means of a 
spectrophotometer method (Jena Analytika Specord 200). The measured spectra 
were evaluated in order to obtain not only the color data (2.1.4 and 2.1.5) but 
also the concentration of ferrous iron (2.1.3). 
 
3.3 Results from the production data by XRF 
 
3.3.1 Calculation 
 
To evaluate the production data from the factory, some important parameters 
were taken into account and calculated as follows: 
 
• stay time, t(d) = density of glass*depth of basin
pull 
 
• heat input, Hin by fuel and electricity = gas + boostertotal pull  in kWh/t 
• heat flux , qin per melting area = Hin *pull rate 
• a Se exposure rate as = selenium input/
pull rate
ρ  = Se amount/m2.d 
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3.3.2 Results  
 
The collected data of the furnaces including the results from XRF are 
summarized below 
 
Table 3.3. Production data of furnace A and results from XRF.   
 
         analysis from XRF  
sample totalpull pullrate staytime gas boost Hin flux Se inp SO3 Fe2O3 Se Se loss 
 t/d t/m2·d d kWh/d kWh/d kWh/t kW/m² ppm % % ppm % 
A1244 62.59  1.70  1.73  111483 9510 1933 137.2 9.7 0.130 0.024 2.3 76.52 
A1084 66.48  1.81  1.63  112486 8040 1813 136.7 8.1 0.129 0.027 2.5 69.17 
A1025 64.53  1.76  1.68  111337 2840 1769 129.5 11.9 0.134 0.024 2.5 79.12 
A1106 65.93  1.79  1.65  111729 9760 1843 137.7 9.6 0.128 0.021 2.6 72.68 
A1206 52.33  1.42  2.07  99253 5290 1998 118.5 6.9 0.129 0.023 2.5 63.80 
A1266 58.73  1.60  1.85  108948 6630 1968 131.0 11.0 0.136 0.025 2.0 81.94 
A2173 55.46  1.51  1.96  106430 2250 1960 123.2 5.0 0.144 0.022 2.9 41.27 
A2163 57.95  1.58  1.87  107397 2920 1904 125.1 8.4 0.142 0.023 2.8 66.90 
A2203 53.62  1.46  2.02  106613 1710 2020 122.8 6.3 0.137 0.022 3.3 48.30 
A2303 58.18  1.58  1.86  110188 2360 1935 127.6 11.3 0.127 0.025 2.6 76.74 
A2093 53.91  1.47  2.01  104524 1670 1970 120.4 10.4 0.144 0.023 2.9 72.05 
A2184 67.80  1.85  1.60  111483 9510 1784 137.2 12.4 0.129 0.025 2.3 81.62 
A2104 65.23  1.78  1.66  111538 9980 1863 137.8 8.6 0.123 0.028 2.1 75.18 
A2244 62.59  1.70  1.73  107972 6430 1828 129.7 9.7 0.134 0.022 2.9 69.92 
A2084 66.48  1.81  1.63  112486 8040 1813 136.7 8.1 0.130 0.027 2.1 73.57 
A2025 64.53  1.76  1.68  111337 2840 1769 129.5 11.9 0.131 0.034 2.4 79.72 
A2166 55.82  1.52  1.94  102819 7080 1969 124.6 9.8 0.131 0.023 2.3 76.37 
A2206 52.33  1.42  2.07  99253 5290 1998 118.5 6.9 0.130 0.023 1.7 75.17 
A2126 59.57  1.62  1.82  107698 7420 1932 130.5 13.3 0.128 0.023 2.3 82.89 
A2106 65.93  1.79  1.65  111729 9760 1843 137.7 9.6 0.126 0.021 2.9 69.72 
A2186 50.64  1.38  2.14  99280 3750 2035 116.8 8.2 0.127 0.022 2.3 72.17 
A2246 56.63  1.54  1.92  107479 7080 2023 129.9 6.5 0.133 0.024 2.0 69.40 
A3303 58.18  1.58  1.86  110188 2360 1935 127.6 11.3 0.127 0.025 2.4 78.63 
A3084 66.48  1.81  1.63  112486 8040 1813 136.7 8.1 0.125 0.027 2.4 70.05 
A3104 65.23  1.78  1.66  111538 9980 1863 137.8 8.6 0.125 0.028 2.7 68.56 
A3184 67.80  1.85  1.60  111483 9510 1784 137.2 12.4 0.125 0.024 2.2 82.19 
A3025 64.53  1.76  1.68  111337 2840 1769 129.5 11.9 0.131 0.024 2.5 79.12 
A3186 50.64  1.38  2.14  99280 3750 2035 116.8 8.2 0.123 0.021 2.0 75.65 
A3166 55.82  1.52  1.94  102819 7080 1969 124.6 9.8 0.131 0.023 2.0 79.64 
AM203 53.62  1.46  2.02  106613 1710 2020 122.8 6.3 0.128 0.022 1.8 71.90 
AM303 58.18  1.58  1.86  110188 2360 1935 127.6 11.3 0.121 0.025 1.5 86.80 
AM093 53.91  1.47  2.01  104524 1670 1970 120.4 10.4 0.133 0.022 2.7 74.10 
AM104 65.23  1.78  1.66  111538 9980 1863 137.8 8.6 0.126 0.024 2.6 69.39 
AM084 66.48  1.81  1.63  112486 8040 1813 136.7 8.1 0.128 0.026 2.9 63.88 
AM025 64.53  1.76  1.68  111337 2840 1769 129.5 11.9 0.134 0.023 2.6 77.93 
AM126 59.57  1.62  1.82  107698 7420 1932 130.5 13.3 0.116 0.023 2.2 83.42 
AM246 56.63  1.54  1.92  107479 7080 2023 129.9 6.5 0.123 0.023 2.1 67.21 
AM166 55.82  1.52  1.94  102819 7080 1969 124.6 9.8 0.121 0.022 1.6 84.00 
AM206 52.33  1.42  2.07  99253 5290 1998 118.5 6.9 0.128 0.024 1.9 72.07 
AM186 50.64  1.38  2.14  99280 3750 2035 116.8 8.2 0.133 0.024 2.1 73.91 
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Table 3.4. Production data of furnace B and results from XRF.   
 
        analysis from XRF  
sample total.pull pull rate staytime gas Hin flux 
Se 
input SO3 Fe2O3 Se 
Se 
loss 
 t/d t/m2·d d kWh/d kWh/t kW/m² ppm % % ppm % 
BL303 56.81  1.36 2.35 90762 1598 90.8 7.4 0.133 0.025 1.6 78.84 
BL233 60.14  1.44 2.22 96453 1604 96.5 8.0 0.132 0.023 1.2 84.89 
BL163 59.89  1.44 2.23 95961 1602 96.0 5.3 0.134 0.022 1.7 67.61 
BL273 59.89  1.44 2.23 95286 1591 95.3 6.4 0.133 0.025 1.5 76.75 
BL104 61.39  1.47 2.18 100831 1642 100.9 7.9 0.140 0.026 2.0 74.75 
BL184 57.85  1.39 2.31 92988 1607 93.0 9.2 0.137 0.025 2.0 78.45 
BL025 57.23  1.37 2.34 97000 1695 97.0 6.2 0.140 0.026 1.7 72.24 
BL225 56.02  1.35 2.39 94064 1679 94.1 8.2 0.128 0.027 2.4 70.43 
BL085 60.48  1.45 2.21 96654 1598 96.7 8.9 0.140 0.027 1.8 79.94 
BL065 55.98  1.34 2.39 93571 1672 93.6 6.9 0.140 0.026 1.8 74.38 
BL185 62.43  1.50 2.14 101962 1633 102.0 10.6 0.133 0.025 1.9 81.95 
BL145 58.60  1.41 2.28 98259 1677 98.3 8.1 0.136 0.026 1.9 76.30 
BS173 61.98  1.49 2.16 99408 1604 99.4 9.2 0.133 0.022 1.7 81.36 
BS163 59.89  1.44 2.23 95961 1602 96.0 5.3 0.132 0.022 1.6 70.31 
BS233 60.14  1.44 2.22 96453 1604 96.5 8.0 0.133 0.022 1.5 81.33 
BS273 59.89  1.44 2.23 95286 1591 95.3 6.4 0.141 0.024 1.8 72.33 
BS143 60.10  1.44 2.23 95523 1589 95.6 7.7 0.141 0.023 1.4 81.51 
BS303 56.81  1.36 2.35 90762 1598 90.8 7.4 0.140 0.024 2.0 73.07 
BS084 60.89  1.46 2.20 98149 1612 98.2 8.0 0.136 0.026 1.5 81.37 
BS184 57.85  1.39 2.31 92988 1607 93.0 9.2 0.137 0.025 1.7 81.53 
BS244 58.02  1.39 2.31 95240 1642 95.3 10.3 0.138 0.024 1.8 82.66 
BS125 60.43  1.45 2.21 100375 1661 100.4 8.5 0.137 0.027 2.2 74.01 
BS285 62.10  1.49 2.15 104752 1687 104.8 9.0 0.132 0.027 1.9 78.58 
BS105 63.35  1.52 2.11 100831 1592 100.9 9.5 0.142 0.026 1.2 87.22 
BS245 56.10  1.35 2.38 93553 1668 93.6 7.4 0.131 0.027 1.8 75.89 
BS145 58.60  1.41 2.28 98259 1677 98.3 8.1 0.136 0.025 1.7 78.93 
BS225 56.02  1.35 2.39 94064 1679 94.1 8.2 0.130 0.027 1.6 80.86 
BS085 60.48  1.45 2.21 96654 1598 96.7 8.9 0.144 0.027 1.6 82.35 
B4173 61.98  1.49 2.16 99408 1604 99.4 9.2 0.140  0.026 1.9 79.03 
B4093 58.81  1.41 2.27 96599 1643 96.6 8.3 0.137 0.022 1.1 87.19 
B4163 59.89  1.44 2.23 95961 1602 96.0 5.3 0.135 0.024 1.8 66.26 
B4233 60.14  1.44 2.22 96453 1604 96.5 8.0 0.133 0.023 1.5 81.33 
B4143 60.10  1.44 2.23 95523 1589 95.6 7.7 0.131 0.024 1.4 81.51 
B4104 61.39  1.47 2.18 100831 1642 100.9 7.9 0.142 0.027 1.8 77.45 
B4244 58.02  1.39 2.31 95240 1642 95.3 10.3 0.140 0.023 1.8 82.66 
B4225 56.02  1.35 2.39 94064 1679 94.1 8.2 0.133 0.036 2.1 73.91 
B4125 60.43  1.45 2.21 100375 1661 100.4 8.5 0.137 0.027 1.8 79.04 
B4245 56.10  1.35 2.38 93553 1668 93.6 7.4 0.134 0.028 1.7 76.85 
B4065 55.98  1.34 2.39 93571 1672 93.6 6.9 0.141 0.026 2.2 68.23 
B4285 62.10  1.49 2.15 104752 1687 104.8 9.0 0.134 0.026 1.6 82.55 
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Table 3.5.Production data of green samples and results from XRF.   
 
          from XRF  
sample total pull pull.rate staytime gas boost Hin flux 
Se 
input SO3 Fe2O3 Se 
Se 
loss 
 t/d t/m2·d d kWh/d kWh/d kWh/t kW/m² ppm % % ppm % 
H4024 62.60 1.50 2.14 126732 - 2025 126.8 11.6 0.128 0.028 1 91.39 
H3174 70.86 1.93 1.54 110316 9190 1687 135.5 10.9 0.137 0.028 1 90.82 
L2803 67.61 1.62 1.98 128263 2712 1937 131.0 11.4 0.13 0.030 1 91.24 
H3024 62.60 1.70 1.74 104406 1960 1699 120.6 11.6 0.133 0.028 1 91.39 
H2164 70.75 1.93 1.54 111629 9440 1711 137.3 11.5 0.137 0.029 1 91.29 
L3003 78.24 1.88 1.71 131328 10406 1812 141.8 12.3 0.133 0.031 1 91.86 
H2084 59.62 1.62 1.83 104625 - 1755 118.6 10.6 0.133 0.027 1 90.55 
H2283 79.37 2.16 1.37 110972 11630 1545 139.0 11.2 0.135 0.033 1 91.06 
H3313 66.64 1.81 1.63 109440 7570 1756 132.6 10.5 0.134 0.031 1 90.50 
L2104 74.87 1.80 1.79 131328 8425 1867 139.8 11.3 0.127 0.028 1 91.13 
H2174 70.86 1.93 1.54 110316 9190 1687 135.5 10.9 0.132 0.027 1 90.82 
H3084 59.17 1.61 1.84 104625 - 1768 118.6 10.7 0.137 0.027 1 90.62 
 
3.3.3 Evaluation  
 
The production parameters and selenium loss quantity were investigated in order 
to observe the relationship and the effect of each happening in commercial 
practice. 
 
igure 3.1. Dependence of the loss of selenium upon the stay time. 
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happened were 1.83, 2.26 and 1.72 day respectively. Figure 3.1 indicates that the 
stay time has a few relations on the selenium loss (obviously seen in green 
samples). Some former workers concluded that there was definitely no 
dependence between stay time and selenium loss. It is believed that the greatest 
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vaporization is dominant during the primary batch reaction.28, 29 However, the 
figure shows a remarkably high selenium loss happened with the greenish 
samples. 
 
According to the recent factory information, the amount of input selenium is 
igur
eally, the load or pull on a furnace should be kept as steady as possible at a 
 is obvious from figure 3.2 that the heat flux, and hence the thermal load on the 
adjusted whenever the pull rate is changed. This needs trial and error and 
manufacturing experience. Hence, the pull rate related to heat flux and selenium 
loss was also of interest to investigate. 
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rate near to the maximum capacity of the furnace, but in practice it is altered 
according to the market demand and to the items produced. 
 
It
glass bath surface, increases with the pull rate. So, both a shortened stay time 
and a higher thermal load result, which act on any evaporation process in a 
counter-directed way. 
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Figure 3.3. Dependence of the selenium loss on the heat flux. 
 
Even though the result from figure 3.3 shows a wide scatter of data, we may 
conclude that the relationship of flux and selenium loss is likely proportional. In 
addition, the efficiency of the furnace B is clearly superior to furnace A (see also 
figure 3.2) 
 
Loss of selenium for A, B and green samples were 74.82, 77.9 and 91.05 % 
respectively. The main reason creating the considerable loss of selenium and 
accordingly contributing to the green tint was also put into relation to other 
potential reasons. In commercial practice there are about three main 
possibilities. These are: 
 
1. usage of unqualified raw materials containing too much iron oxide 
2. incompleteness of combustion, with a reduced O2 partial pressure in the 
furnace atmosphere 
3. too high melting temperature. 
 
After investigation and rechecking the production data backwards, it was found 
finally that the parameter influenced the color deviation in that moment was the 
third one. Table 3.6 shows the averaged temperatures of various positions of 
tank furnace. Data of good glass was collected 5 months during March to May 
2000 and green glass furnace data in March-April 2003. 
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Table 3.6. Averaged temperatures of furnaces data of good glasses and green 
glasses. 
 
  Optical pyrometer, °C Crown temp. (by thermocouples), °C 
furnaceA 
wall hot 
spot 
fining  
zone rear middle front 
good glass 1579 ± 5 1566 ± 3 1457 ± 2 1495 ± 52 1314 ± 6 
green glass 1581 ± 2 1560 ± 2 1525 ± 3 no record 1574 ± 1 
furnace B 
wall hot 
spot 
melting 
zone rear middle front 
good glass 1556 ± 2 1542 ± 2 1469 ± 3 1498 ± 1 1441 ± 2 
green glass 1579 ± 2 1567 ± 2 1464 ± 1 1596 ± 2 1582 ± 5 
 
It is noticeable that in the period of green color occurred, most temperatures in 
furnaces increased especially in the front part of crown. Note that the type of 
furnaces are end port regenerator with u-flame burners. 
 
3.3.4 Selenium balance 
 
The selenium is primarily emitted as gaseous form SeO2 leaving the glass 
furnace via the waste gas. When passing to the stack and in the presence of SO2, 
the following reaction occurs: 30
 
SeO2(g) + 2SO2(g)  ←⎯→   Se + 2SO3. 
 
Se particulates can be trapped in checkers or in the flue gas. Normally in soda-
lime float and container glass, the major components are collected in the filter 
dust.31 
 
Dusts collected from regenerators of both furnaces were analyzed by means of 
XRF focusing on the selenium quantity. It was found that dust of furnace A and 
B contained different amounts of selenium, namely 88 and 22 ppm, respectively. 
 
Metallic selenium was employed in this present work contributing the loss under 
normal conditions as readily shown in table 3.3 and 3.4. The input selenium of 
furnace A, B was 9.5, 8 ppm, respectively, the average retention of selenium in 
glass A and B was 2.37 and 1.73 ppm. The loss of selenium of furnace A and B 
then were 74.49 ± 5.43 % and 77.90 ± 5.06 %, respectively. 
 
In this factory, about 40 % domestic cullet is used in the batch composition. 
That means ∼8 % of input Se is from cullet. The majority of 92 % is from the 
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Se-carrier raw materials. Regarding the input and output selenium quantity, the 
following selenium balance for the factory was created.32
 
 
 waste gas 
74.5 % 
 
 
furnace batch 92 % 
a) 
cullet 8 % 
glass 
25.5 %  
 
 
 
 
 
waste gas 
78 % 
b) 
batch 92 % furnace 
cullet 8 % 
glass 
22 % 
 
 
 
Figure 3.4. Selenium balance of a) furnace A and b) furnace B. 
 
The selenium consumption can be reduced if the batch preheater or the waste 
gas treatment plant is installed, consequently the selenium balance will be 
improved. Although this is not so attractive idea for those factories which so far 
selenium imparts just as minor amount for decolorizing purpose. However the 
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benefit for awareness the selenium flow of the furnace is to keep this flow stable 
as much as possible by regularly checking total selenium in glass. Recently, the 
use of recycled cullet is increasing; this exhibits the difficulties of decolorizing. 
The contaminants in cullet should also be concerned and marked the maximum 
amount in mind in order to adjust the proper amount of decolorizing package. 
 
3.4 Results by spectrophotometry 
 
This passage presents the results related to the color of the industrial samples 
(see table 3.7 to 3.9) in terms of: 
 
• saturation (purity), dominant wavelength and brightness as a chromaticity 
diagrams  
• color space diagrams 
• the redox state in terms of Fe2+/total Fe as Fe2O3. 
 
The concentration of Fe2+ was also calculated from the extinction value obtained 
from the transmission curve. 
2+Fe
total Fe
 was accordingly achieved by using the 
total iron amount detected by XRF.  
 
Table 3.7. Color data and redox of glass furnace A. 
 
Samples Purity   L*  a*  b* brightness  λ dom nm  x  y  Fe
2+,% Fe2+/Fetot 
A1244 0.0114 91.4 -0.19 1.65 79.5 575.6 0.3129 0.3194 0.0027 0.114 
A1026 0.0103 95.0 0.14 1.02 87.6 579.4 0.3121 0.3179 0.0029 0.120 
A1206 0.0126 92.6 -0.02 1.26 82.0 577.1 0.3124 0.3186 0.0025 0.108 
A1266 0.0068 95.6 -0.41 0.78 89.0 568.9 0.3109 0.3178 0.0040 0.161 
A2173 0.0146 96.4 -1.09 -1.19 91.0 485.7 0.3065 0.3146 0.0027 0.124 
A2163 0.0060 97.0 -0.56 -0.43 92.4 487.4 0.3086 0.3157 0.0032 0.140 
A2166 0.0129 93.7 0.00 1.29 84.6 577.4 0.3124 0.3186 0.0024 0.103 
A2126 0.0071 98.3 -0.45 -0.64 95.8 484.5 0.3084 0.3153 0.0052 0.225 
A2186 0.0001 99.2 -0.02 -0.01 98.0 491.9 0.3100 0.3162 0.0058 0.260 
A2246 0.0058 97.3 -0.71 -0.33 93.2 489.5 0.3085 0.3160 0.0036 0.151 
A3303 0.0055 97.8 -0.61 -0.36 94.4 488.5 0.3086 0.3159 0.0040 0.159 
A3046 0.0015 98.7 -0.15 -0.10 96.7 487.8 0.3097 0.3161 0.0055 0.238 
A3206 0.0015 98.7 -0.21 -0.07 96.7 490.9 0.3097 0.3162 0.0047 0.203 
A3166 0.0013 98.7 0.01 -0.16 96.8 475.7 0.3098 0.3159 0.0059 0.257 
A2036 0.0129 95.6 -0.80 -1.12 89.1 484.5 0.3070 0.3146 0.0035 0.145 
AM093 0.0070 97.1 -0.61 -0.53 92.6 486.8 0.3083 0.3156 0.0035 0.157 
AM126 0.0021 97.4 -0.31 -0.09 93.4 491.4 0.3095 0.3162 0.0037 0.161 
AM166 0.0048 97.4 -0.49 -0.33 93.4 488.0 0.3088 0.3159 0.0033 0.151 
AM203 0.0021 99.3 -0.25 0.28 98.1 561.2 0.3102 0.3168 0.0060 0.272 
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Table 3.8. Color data and redox of glass furnace B. 
 
Samples Purity  L* a* b* brightness λ dom nm x y Fe2+,% Fe2+/Fetot 
BL233 0.0031 97.5 -0.38 0.40 93.6 560.3 0.3103 0.3171 0.0031 0.134 
BL163 0.0033 97.4 -0.34 0.41 93.5 563.3 0.3103 0.3171 0.0027 0.121 
BL273 0.0009 98.1 -0.34 0.12 95.1 514.2 0.3098 0.3166 0.0045 0.179 
BL225 0.0102 98.4 -0.86 -0.80 95.8 486.4 0.3075 0.3152 0.0055 0.202 
BL065 0.0031 97.3 -0.59 -0.06 93.1 494.3 0.3092 0.3164 0.0037 0.142 
BL18 0.0020 98.1 -0.37 0.29 95.2 552.4 0.3101 0.3169 0.0041 0.165 
BL145 0.0032 97.9 -0.38 0.41 94.6 561.3 0.3103 0.3171 0.0038 0.148 
BS163 0.0025 99.1 -0.32 0.33 97.6 560.1 0.3102 0.3169 0.0040 0.181 
BS233 0.0016 98.6 -0.26 0.22 96.5 556.0 0.3101 0.3167 0.0039 0.179 
BS084 0.0014 98.5 -0.28 0.20 96.1 549.8 0.3100 0.3167 0.0057 0.211 
BS285 0.0017 98.1 -0.65 0.21 95.2 512.2 0.3096 0.3169 0.0054 0.201 
BS105 0.0009 99.5 -0.23 0.02 98.8 498.7 0.3098 0.3163 0.0069 0.264 
BS245 0.0180 97.1 -1.59 -1.36 92.8 486.8 0.3056 0.3146 0.0043 0.160 
BS145 0.0026 98.4 -0.24 0.32 96.0 564.3 0.3103 0.3169 0.0050 0.200 
B4093 0.0027 97.9 -0.35 0.35 94.8 559.5 0.3102 0.3170 0.0037 0.167 
B4233 0.0016 98.3 -0.22 0.21 95.6 558.4 0.3101 0.3167 0.0040 0.174 
B4143 0.0033 98.1 -0.22 0.39 95.2 568.0 0.3105 0.3170 0.0039 0.164 
B4104 0.0037 97.8 -0.35 0.46 94.5 564.4 0.3104 0.3172 0.0038 0.142 
B4244 0.0022 98.2 -0.25 0.28 95.3 562.0 0.3102 0.3168 0.0035 0.153 
B4225 0.0024 98.1 -0.40 0.32 95.0 554.1 0.3101 0.3100 0.0060 0.168 
B4065 0.0032 98.1 -0.40 0.41 95.3 560.2 0.3103 0.3171 0.0038 0.147 
B4285 0.0083 96.1 -0.37 0.92 90.2 571.0 0.3112 0.3181 0.0029 0.111 
BL025 0.0021 98.3 -0.27 0.28 95.7 560.2 0.3102 0.3168 0.0044 0.168 
BL085 0.0032 98.1 -0.41 0.42 95.1 559.8 0.3103 0.3172 0.0054 0.199 
BL103 0.0017 97.7 -0.11 0.20 94.3 568.3 0.3103 0.3166 0.0047 0.188 
 
Table 3.9. Color data and redox of green samples. 
 
Identifier Purity  L* a* b* brightness λ dom nm x y Fe2+,% Fe2+/Fetot 
H3174 0.0110 94.7 -0.49 1.21 86.8 570.9 0.3116 0.3187 0.00311 0.111 
L214 0.0095 96.2 -0.68 1.11 90.4 567.3 0.3112 0.3186 0.00305 0.109 
H2174 0.0106 96.2 -0.60 1.21 90.5 569.3 0.3114 0.3187 0.00297 0.110 
L283 0.0241 89.8 -0.52 2.43 75.9 574.0 0.3140 0.3212 0.00288 0.096 
H2164 0.0202 90.5 -0.66 2.09 77.3 572.4 0.3131 0.3206 0.0031 0.094 
H2283 0.0228 93.4 -0.79 2.43 83.9 572.2 0.3135 0.3212 0.00254 0.077 
H384 0.0235 94.6 -1.19 2.61 86.8 570.0 0.3132 0.3218 0.00205 0.076 
L114 0.0241 94.9 -0.93 2.62 87.4 571.7 0.3136 0.3216 0.00222 0.074 
 
 
3.4.1 Color space diagram 
 
The color data from table 3.7 to 3.9 are also presented by color space diagrams 
and chromaticity diagrams, attempting to establish a color control tool to be 
used later. 
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Figure 3.5. Presentation of color data from table 3.6 to 3.8 as a function of color 
space coordinates a* and b*. 
 
Colors within the range -1.0 < a*< +0.3, -1.0 < b*< +1.3 were accepted as a 
“white” glass. Beyond this, samples are rejected due to the unsatisfactory color. 
Notice that for the green glasses, the b* value is the actual problem. 
 
3.4.2 Chromaticity diagram 
 
Figure 3.7 shows the chromaticity diagram of industrial samples from tables 3.7 
to 3.9. 
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Figure 3.6. Chromaticity diagram of industrial samples from tables 3.7 to 3.9. 
 
The dominant wavelengths of samples cover a wide range. For the samples of 
furnace A, the dominant wavelength 480-510 nm, saturation = 0.0146-0.0013. 
On the other hand, for the sensitive area 530-580 nm, saturation is not as low as 
expected but in the range of 0.0114 - 0.0021.  
 
Considering to samples from furnace B, the dominant wavelength between  
490-520 nm, saturation in this range was 0.0183-0.009, whereas in higher 
dominant wavelength 530-570 nm, most of saturation are quite low between 
0.0083-0.0014. Table 3.10 shows those averaged properties of all samples. 
 
Table 3.10. Three color reference numbers of samples. 
 
 
Samples purity  brightness λ dom nm 
A 0.0069 91.81 514 
B 0.0035 95.19 551 
green glasses 0.0136 87.64 568 
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3.5 Conclusions 
 
The important qualities for the industrial samples of the specific are as follows: 
 
• a* should be in the range -1.0 to +0.3  
• b* should be in the range -1.0 to +1.3. 
• L should exceed 90 %.  
• For low dominant wavelengths of about 480-520 nm, a saturation of up to 
1.8 % is still acceptable. For dominant wavelengths in the range of 
maximum eye sensitive, 530-570 nm, it is essential to restrict the 
saturation to 1.1 %. 
 
This obtained specification of color properties will also be used in the laboratory 
experiments for deciding whether or not a glass sample meets this in-situ quality 
standard. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
 
Experimental part 
 
In order to understand in-depth the role of selenium and related redox active 
reagents in the industrial flint glass melting process, experiments in the 
laboratory were performed. They comprised: 
 
• the investigation of the absorption behavior of samples with different 
additions of selenium. 
• the alteration of color properties in typical of high quality flint glass 
doped with different amounts of Fe, S, and Se. 
 
All sample recipes are related to the factory batch composition of the parent 
batch, termed BQ 
 
quartz glass   = 60.298 % 
alumina oxide  = 1.009  % 
calcium carbonate  = 1.48  % 
magnesium oxide  = 6.61  % 
soda ash   = 19.493 % 
sodium sulfate  = 0.446  % 
sodium nitrate  = 0.595  % 
antimony trioxide  = 0.05  % 
 
Different from industrial practice, quartz glass was employed as SiO2 carrier 
instead of sand. For the lab experiments, it was crucial to start with a completely 
Fe-free batch. Ferric oxide was added as pure Fe2O3, selenium as elementary 
selenium. Any other raw materials were reagent grade chemicals. 
 
4.1 Glass compositions 
 
4.1.1 The iron-free parent glass BQ 
 
This preliminary study glass containing selenium was made to confirm the 
absorption behavior of selenium in the base glass composition. To simplify, let 
us call the parent batch above as BQ. The list below shows the samples 
containing the various amounts of selenium. 
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Table 4.1. Parent glass samples with varied amounts of selenium. 
 
sample description 
BQ blank without Se 
BQ 100 input Se 100 ppm 
BQ 500 input Se 500 ppm 
BQ 1000 input Se 1000 ppm 
 
4.1.2 Glasses with additions of Fe, S, Se and Co 
 
Variations of Se, Fe2O3, S and Co added as Se, Fe2O3, Na2SO4 and Co3O4, 
respectively were examined in order to understand not only the effect of these 
elements for the decoloration process, but also the optimum amount of each 
component if the iron content was changed. The glass compositions were 
categorized into two groups distinguished by the amount of iron oxide. The 
sample code of this series was X. 
 
The main composition was still the parent batch above. The range of minor 
ingredients variation was as follows: 
 
• Na2SO4, 0.2-0.6 wt% 
• Fe2O3, 0.05 and 0.1 wt% 
• Se 10-30 ppm  
• Co was firstly fixed as 1 ppm. 
 
Each sample was prepared in three different redox states, so the proper redox 
state yielding the best results of decoloration could be too studied. In industrial 
practice, the redox state of glass is mainly adjusted by the addition of oxidizing 
and/or reducing agents to the batch; Simpson’s redox number concept 33 was 
used to estimate the redox state of the glass from the batch composition. The 
redox active reagents such as coke, sodium nitrate, antimony were varied to 
achieve the selected redox numbers. 
 
The assigned redox numbers in this work were range from: 
 
1. -2 to -4 (slightly reduction) 
2. +4 to +6 (slightly oxidation) 
3. +13 to +18 (oxidation). 
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4.1.2.1. The 0.05 % Fe2O3 series 
 
In this group, the amount of Fe2O3 fixed at 0.05 % was concerned. The details of 
the introduced minor ingredients and calculated redox numbers are shown in 
table 4.2. 
 
Table 4.2. The various compositions of the 0.05 % Fe2O3 group. 
 
sample 
no. 
Na2SO4, 
% 
Se, 
ppm 
Fe2O3, 
% 
Co, 
ppm
NaNO3 
,%
Sb2O3, 
%
C,  
% 
Redox 
no. 
X10ox 0.2 10 0.05 1 0.6 0.05 - 12.5 
X10sox 0.2 10 0.05 1 - - - 4.7 
X10sre 0.2 10 0.05 1 - - 0.040 -2.6 
X11ox 0.4 10 0.05 1 0.6 0.05 - 17 
X11sox 0.4 10 0.05 1 - - 0.030 3.6 
X11sre 0.4 10 0.05 1 - - 0.070 -3.9 
X12ox 0.6 10 0.05 1 0.3 0.02 - 17.2 
X12sox 0.6 10 0.05 1 - - 0.045 5.2 
X12sre 0.6 10 0.05 1 - - 0.090 -3.2 
X13ox 0.2 20 0.05 1 0.6 0.05 - 12.7 
X13sox 0.2 20 0.05 1 - - - 4.8 
X13sre 0.2 20 0.05 1 - - 0.045 -3.6 
X14ox 0.4 20 0.05 1 0.6 0.05 - 16.8 
X14sox 0.4 20 0.05 1 - - 0.020 5.4 
X14sre 0.4 20 0.05 1 - - 0.070 -3.8 
X15ox 0.6 20 0.05 1 0.3 0.02 - 17.2 
X15sox 0.6 20 0.05 1 - - 0.045 5.2 
X15sre 0.6 20 0.05 1 - - 0.090 -3.2 
X16ox 0.2 30 0.05 1 0.7 0.06 - 14.1 
X16sox 0.2 30 0.05 1 - - - 4.8 
X16sre 0.2 30 0.05 1 - - 0.045 -3.6 
X17ox 0.4 30 0.05 1 0.6 0.05 - 17.1 
X17sox 0.4 30 0.05 1 - - 0.020 5.5 
X17sre 0.4 30 0.05 1 - - 0.065 -3 
X18ox 0.6 30 0.05 1 0.4 0.033 - 18.5 
X18sox 0.6 30 0.05 1 - - 0.045 5.1 
X18sre 0.6 30 0.05 1 - - 0.095 -4.1 
 
4.1.2.2 The 0.1 % Fe2O3 series 
 
This group was designed to investigate the limit of physical decoloration. This is 
necessary as the sand deposits in Thailand contain iron between 0.04-0.09  
wt. %. The attempt of adjusting the selenium for this high iron content was 
therefore challenging. The composition variations are shown in tables 4.3 and 
4.4 below: 
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Table 4.3. Compositions of the minor components in the 0.1% Fe2O3 series. 
 
sample no. Na2SO4, % Se, ppm Fe2O3, % Co, ppm 
X19 0.2 10 0.1 1 
X20 0.4 10 0.1 1 
X21 0.6 10 0.1 1 
X22 0.2 20 0.1 1 
X23 0.4 20 0.1 1 
X24 0.6 20 0.1 1 
X25 0.2 30 0.1 1 
X26 0.4 30 0.1 1 
X27 0.6 30 0.1 1 
 
Table 4.4. Compositions and redox number of the selected samples from table 
4.3 
 
sample 
no. 
Na2SO4, 
% 
Se, 
ppm 
Fe2O3, 
% 
Co, 
ppm 
NaNO3, 
% 
Sb2O3, 
% 
C,  
% redox.no.
X19ox 0.2 10 0.1 1 0.6 0.05 - 12.9
X19sox 0.2 10 0.1 1 - - - 5.1
X19sre 0.2 10 0.1 1 - - 0.050 -4.1
X23ox 0.4 20 0.1 1 0.6 0.05 - 17.2
X23sox 0.4 20 0.1 1 - - 0.020 5.8
X23sre 0.4 20 0.1 1 - - 0.075 -4.3
X27ox 0.6 30 0.1 1 0.3 0.02 - 17.6
X27sox 0.6 30 0.1 1 - - 0.050 4.6
X27sre 0.6 30 0.1 1 - - 0.095 -3.7
 
4.2 Procedure 
 
The batches were melted in a sintered alumina crucible and introduced to an 
electrical furnace in air at a maximum temperature of 1480 °C for 3 h. The 
glasses were cast into a graphite mould, annealed at 570 °C for 1 h and cooled 
down to ambient temperature at 3 K/min. Surfaces were cut and polished to 
optical quality. 
 
Chemical analyses of samples were performed by means of X-ray fluorescence 
(see 2.2). 
 
The optical measurements were carried out by means of a UV/VIS 
spectrophotometer. Samples had parallel and well polished surfaces exposed to 
air (see 2.1.2.1). The following results are used later in the evaluation: 
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• the concentration of Fe2+ and the Fe2+ to total Fe as described in 2.1.3. 
• the color properties in terms of dominant wavelength, purity as a 
chromaticity diagram and brightness (described in 2.1.4) 
• L*a*b* data as a color space diagram (described in 2.1.5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter 5 
 
Results and Discussion 
 
The following analytical results are presented in this chapter: 
 
• chemical analysis of selenium, total iron, cobalt and sulfur; the 
retention of selenium and sulfur is determined from these data. 
• color analysis  
• glass oxidation state represented as 2+Fe
total Fe
. 
 
5.1 Results of the iron-free parent glass, BQ 
 
Figure 5.1 shows the results of the spectrum transmittance curves of the parent 
glass group BQ, displaying in specific the effect of Se in the glass. 
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Figure 5.1. Transmission curves of the parent glass group, BQ. 
 
After magnification in the region of the Se absorption peaks, is shown in figure 
 5.2 below. 
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Figure 5.2. Absorption peaks of the parent glass BQ between 300-700 nm 
 
The results from XRF are compiled in table 5.1. 
 
Table 5.1. Chemical analysis of the parent glasses. 
 
 Na2O MgO Al2O3 SiO2 SO3 K2O CaO Cr2O3 Fe2O3 Co Se 
sample (%) (%) (%) (%) (%) (%) (%) (ppm)
 
(ppm) (ppm) (ppm)
BQ 
blank 13.52 7.31 1.37 70.60 0.22 0.004 7.06 2 <6 0 -1
BQ 
100 13.61 6.23 1.24 71.35 0.24 0.005 7.31 3 <6 0 59 
BQ 
500 13.47 6.47 1.65 70.59 0.22 0.005 7.56 1 <6 0 187 
BQ 
1000 13.47 6.47 1.88 70.59 0.18 0.005 7.47 1 <6 0 220 
 
According to the XRF result, the loss of selenium of the 100, 500 and 1000 ppm 
samples is 41, 63, 78 %, respectively. Since these samples do not contain any 
iron oxide, the absorption peaks seen from the spectrophotometric curves are 
supposed to stem from selenium. Comparing BQ100 and BQ1000, which retain 
59 and 220 ppm selenium, respectively, there is an interesting shift of the 
absorption from ∼450 nm for BQ100 to∼500 nm for BQ1000. BQ500 which 
contains 187 ppm selenium has a broad absorption peak in-between. This result 
is confirmed by the literature 18 saying that the characteristic peaks of selenium 
in the visible range occur as a steep absorption peak at 500 nm and a broad peak 
at 750 nm. Figure 5.3 shows the full extinction curve of BQ1000. 
 
 
5. Results and discussion  69 
0
0.02
0.04
0.06
0.08
0.1
0.12
200 400 600 800 1000 1200
wavelength, nm
ex
tin
ct
io
n
 
Figure 5.3. Extinction curve of BQ1000. 
 
It is interesting to compare the spectrum selenium of the pure, iron-free glass 
with a factory glass sample. The spectrum of a factory sample, Bl185 containing 
0.025 % iron and 2 ppm selenium, respectively was measured. The result is 
shown in figure 5.4. 
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Figure 5.4. Absorption spectrum of iron-free BQ 1000 and a factory sample; 
a)
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                  a) whole spectrum b) enlarged range. 
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Nearly the same absorption peaks are found at about 500 nm even though the 
factory sample contains very little selenium. This is due to the much higher 
extinction of FeSe vs. Se as shown in figure 2.5. The absorption peak at about 
500 nm can be attributed to the chromophore FeSe. 
 
Color data 
 
For the parent glass group BQ, the results of color measurement are compiled in 
table 5.2 and shown in figure 5.5. 
 
Table 5.2. Color data of iron-free parent glasses. 
 
sample purity L* a* b* brightness λ dom, nm 
BQ 1000 0.0115 95.4 1.22 0.94 88.5 594 
BQ 500 0.0108 95.7 0.41 1.02 89.4 583 
BQ 100 0.0087 96.1 -0.90 0.81 89.7 579 
BQ blank 0.0053 96.5 -0.14 0.57 91.3 573 
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Figure 5.5. Color space diagram of iron-free parent glasses, BQ. 
 
The samples which retain more than 100 ppm selenium are located in the red-
yellow area, supposed from the increasing amount of Se0. As read from the table 
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5.2, the dominant wavelength is not considerably increased proportionally to the 
amount of selenium retention. Regarding the direction of the color produced by 
selenium, a short shift is noticed. Figure 5.6, the chromaticity diagram below, 
shows the same shift. 
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Figure 5.6. Chromaticity diagram of iron-free parent glasses, BQ.  
 
The chromaticity diagram displays the results from table 5.2. An increase of 
selenium decreases the brightness but increases the purity and the dominant 
wavelength. 
 
5.2 Results of the 0.05 % iron glasses 
 
5.2.1 Results by XRF 
 
Table 5.3 and 5.4 show the results from XRF, and the color data, respectively. 
 
Table 5.3. Results by XRF and loss of Se and SO3
 
Identifier  SO3,% Co,ppm Se,ppm Fe2O3 Fe2+,% Fe2+/Fe2O3 Se,loss% SO3,loss% 
x10ox 0.125 1 7 0.060 0.0061 0.102 30 38 
x10sox 0.127 1 6 0.058 0.0067 0.115 40 37 
x10sre 0.119 1 2 0.060 0.0081 0.136 80 41 
x11ox 0.198 1 5 0.060 0.0063 0.105 50 51 
x11sox 0.209 0 4 0.060 0.0068 0.112 60 48 
x11sre 0.152 1 3 0.062 0.0088 0.141 70 62 
x12ox 0.179 1 0 0.060 0.0076 0.128 100 70 
x12sox 0.182 2 0 0.063 0.0087 0.138 100 70 
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x12 sre 0.157 1 0 0.062 0.0082 0.133 100 74 
x13ox 0.132 1 13 0.060 0.0050 0.084 35 34 
x13sox 0.137 1 13 0.066 0.0068 0.103 35 32 
x13sre 0.135 2 16 0.059 0.0058 0.098 20 33 
x14ox 0.218 2 13 0.060 0.0056 0.093 35 46 
x14sox 0.240 1 10 0.059 0.0062 0.106 50 40 
x14sre 0.197 0 4 0.058 0.0076 0.131 80 51 
x15ox 0.203 0 0 0.060 0.0072 0.119 100 66 
x15sox 0.172 2 0 0.062 0.0080 0.129 100 71 
x15sre 0.094 1 0 0.060 0.0082 0.136 100 84 
x16ox 0.120 1 11 0.061 0.0065 0.107 63 40 
x16sox 0.134 2 20 0.062 0.0055 0.089 33 33 
x16sre 0.146 2 21 0.063 0.0060 0.096 30 27 
x17ox 0.237 1 15 0.059 0.0053 0.090 50 41 
x17sox 0.215 1 14 0.061 0.0052 0.085 53 46 
x17sre 0.204 2 8 0.070 0.0071 0.102 73 49 
x18ox 0.326 1 18 0.058 0.0052 0.089 40 46 
x18sox 0.324 2 18 0.059 0.0050 0.085 40 46 
x18sre 0.291 2 10 0.057 0.0053 0.094 67 52 
 
From above table, the relationships between ferrous and retained selenium is 
shown. 
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Figure 5.7. Relationship of retained selenium and ferrous iron in glass. 
 
The curve presents a counter-directed relationship. The amount of retained 
selenium increased with decreasing amount of Fe2+, i. e., with increasingly 
oxidizing conditions. Figure 5.8 presents the finding on the Se loss as a function 
of sulfur loss and Fe2+/total Fe. 
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According to figure 5.8 a), the
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appears that all selenium was ev
spite of the same 0.6 % sulfate; 
namely 30 ppm.  
 
As a first conclusion, glass with
sulfate otherwise the loss of se
phase stability diagram, the extr
of melting process may be read: 
 
Na2SeO3 + SO2 +0.5
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5.2.2 Color Data 
 
Table 5.4 shows the results of the color analysis for the 0.05% iron glasses. 
 
Table 5.4. Compilation of color data of the 0.05% iron glasses. 
 
Identifier  Purity L* a* b* brightness λ dom, nm x y 
x10ox 0.0011 90 -0.04 -0.10 77.0 483 0.3098 0.3160 
x10sox 0.0179 91 0.03 1.74 77.8 578 0.3134 0.3195 
x10sre 0.0349 92 0.75 3.29 80.0 581 0.3173 0.3219 
x11ox 0.0019 96 -0.05 -0.19 90.8 481 0.3096 0.3158 
x11sox 0.0181 93 -0.15 1.84 83.4 576 0.3133 0.3197 
x11sre 0.0087 94 -0.85 1.04 85.0 563 0.3108 0.3186 
x12ox 0.0026 95 -1.01 0.34 86.7 513 0.3093 0.3174 
x12sox 0.0040 92 -1.08 0.15 79.7 501 0.3086 0.3169 
x12sre 0.0048 89 -1.08 0.06 74.5 498 0.3086 0.3170 
x13ox 0.0072 94 -0.66 0.86 86.1 564 0.3107 0.3182 
x13sox 0.0303 91 1.35 2.70 78.5 584 0.3171 0.3205 
x13sre 0.0200 90 1.09 1.73 76.7 586 0.3149 0.3188 
x14ox 0.0018 93 -0.67 0.26 83.6 518 0.3096 0.3171 
x14sox 0.0187 92 0.47 1.75 80.3 581 0.3140 0.3192 
x14sre 0.0361 92 1.10 3.35 80.7 582 0.3179 0.3218 
x15ox 0.0029 90 -0.95 0.23 76.8 506 0.3092 0.3172 
x15sox 0.0034 91 -1.07 0.24 78.5 505 0.3090 0.3173 
x15sre 0.0049 92 -1.18 0.09 80.1 499 0.3086 0.3171 
x16ox 0.0032 91 -0.68 0.44 79.1 546 0.3099 0.3174 
x16sox 0.0243 92 0.90 2.23 81.4 583 0.3155 0.3198 
x16sre 0.0132 94 0.01 1.33 85.7 578 0.3125 0.3186 
x17ox 0.0093 93 -0.27 0.98 83.7 573 0.3115 0.3182 
x17sox 0.0373 92 1.92 3.31 80.8 586 0.3189 0.3212 
x17sre 0.0313 92 0.91 2.92 81.5 582 0.3168 0.3211 
x18ox 0.0166 94 0.47 1.58 84.7 582 0.3136 0.3188 
x18sox 0.0238 93 1.10 2.16 83.7 585 0.3156 0.3195 
x18sre 0.0291 93 1.65 2.58 82.9 586 0.3171 0.3200 
 
The following graphs illustrate the result. 
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Figure 5.9. Correlation of retained selenium and brightness. 
 
As seen from table 5.4 and figure 5.9, there is no considerably change in the 
brightness with the amount of retained Se. Nevertheless, we found some 
correlation of the purity to the selenium retention as seen in figure 5.10 
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Figure 5.10. Correlation of retained selenium and purity. 
 
According to figure 5.10, the correlation is not a unified one, but strongly varies 
with the redox state of the glass. We have to keep in mind that selenium in the 
glass can exist in various oxidation states, not just as coloring agents. At least, 
from the above figure, it is remarkable that among samples, the oxidized ones 
show lowest purity. 
 
76  5. Results and discussion 
300
350
400
450
500
550
600
650
0 5 10 15 20 25
retained selenium, ppm
do
m
in
an
t w
av
el
en
gt
h,
 n
m
slightly reducing
slightly oxidizing
oxidizing
 
Figure 5.11. Correlation of retained selenium and dominant wavelength. 
 
In the oxidized glass group, as the selenium retention increases, the dominant 
wavelength also shifts toward longer wavelengths to the direction of red; this 
might be the predominant species Se0 or Sex2-. According to the investigation of 
BQ glass, it makes sense to conclude that higher dominant wavelength is 
influenced by FeSe. In case of only slightly oxidized and slightly reduced glass, 
the dominant wavelength is higher than in the oxidized glass. In the case of 
slightly reducing glass, a reason might be a slightly amber chromophore 
obtained.34 FeS is not formed under these conditions.35 The characteristic peak 
of FeS is at 410 nm as well as at 630 nm. The presence or absence of the amber 
chromophore can be readily checked by the following spectra in figure 5.12 a to 
c. 
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Figure 5.12. Presentations of transmission curve of a) oxidized glass. b) slightly 
oxidized glass. c) slightly reduced glass. 
 
As seen, there is no evidence of FeS in 410 nm. The redox state of the melt is 
not low enough for FeS formation 
 
The results obtained from color data (table 5.4) are presented as a color space 
diagram and a chromaticity diagram in figure 5.13 to 5.15. 
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Figure 5.13. Color space of 0.05% iron glasses. 
As is evident from the above figure, slightly oxidized and slightly reduced 
glasses are mostly located in the red-yellow quarter caused by the quantity of 
FeSe. In the examination of the factory samples in chapter 3, samples located in 
green-yellow or blue-yellow quarter with saturation not over 2 % are acceptable. 
With respect to this, the above samples are taken into account as good glasses, 
namely 13ox, 14ox, 16ox, 17ox. The other samples located in the red-yellow 
quarter are not acceptable. Moreover, the phenomenon of samples 12 and 15 
group with all the selenium lost is closely inspected. Figure 5.14 shows the 
enlarged pictures for these samples. 
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Figure 5.14. Locations of a*, b* of good glasses and glasses number 12 and15.in 
the yellow-green quarter. 
 
Considering the glass no. 12 and 15 in with zero retention of selenium, a blue-
green color due to Fe2+ is found (green color hue). The a*, b* value of 13ox, 
14ox, 16ox and 17ox are acceptable. But for 18ox sample which contains too 
much selenium, the color of FeSe is so dominating as to yield a* = 0.47 and b* 
= 1.58 beyond the accepted range. 
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Figure 5.15. Chromaticity diagram of 0.05 % Fe2O3 glasses. 
 
The results from the color space and chromaticity diagrams support each other. 
The results show that most of oxidized glasses are located within 2 % saturation, 
most slightly oxidized and slightly reduced ones are beyond. However, samples 
of glass number 12 and 15 are found to have a saturation not over 2 %. In this 
respect, the color space diagram is more discriminative. 
 
5.3 Results of 0.1% iron glasses 
 
The analytical data from XRF are compiled in table 5.5. 
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Table 5.5. Results from XRF, comparing loss of Se and SO3
 
Identifier SO3,% Co, ppm Se, ppm Fe2O3,% Fe2+,% Fe2+/Fe2O3
Se 
loss,% 
SO3 
loss,% 
x19ox 0.121 2 4 0.119 0.0128 0.108 60 39.5 
x19sox 0.137 2 5 0.121 0.0142 0.118 50 31.5 
x19sre  0.131 1 6 0.117 0.0121 0.104 40 34.9 
x23ox 0.198 1 3 0.116 0.0157 0.136 85 50.5 
x23sox 0.176 1 2 0.110 0.0154 0.140 90 56.0 
x23sre 0.212 1 5 0.120 0.0147 0.123 75 47.0 
x27ox 0.177 0 0 0.117 0.0170 0.146 100 70.5 
x27sox 0.111 1 0 0.116 0.0175 0.151 100 81.5 
x27sre 0.190 1 0 0.119 0.0168 0.141 100 68.3 
 
The investigations like before were repeated in this group. The results are 
displayed in figure 5.16 and 5.17. 
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Figure 5.16 Relationship of retained selenium and ferrous iron in 0.1 % Fe2O3 
glasses. 
 
The identical relationship of Fe2+ and selenium retention is found as in the  
0.05 % Fe2O3 samples.  
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Figure 5.17. a) Correlation of loss of selenium and loss of sulfur and b) 
Correlation of loss of selenium and redox state of 0.1 % Fe2O3 
glasses. 
 
The same situations happened again in the 0.1 % Fe2O3 group as before in the 
0.05 % Fe2O3 group. This proves that the method of analysis was a promising 
one. In the 0.1 wt. % Fe2O3 glass, the Fe2+ to total ratio is slightly higher than in 
the 0.05 wt. % Fe2O3 glasses. This is due to the input of additional amounts of 
iron red (Fe2O3) to the batch. Note that Se loss of the X27 group was 100 %. 
Comparing 
2+Fe
total Fe
between X18ox and X27ox, i. e., 0.089 and 0.146, 
respectively, although both glasses contain similar input amounts of sulfate 
(0.6%) and selenium (30 ppm), the higher redox state causes the loss of sulfur 
increases. Note that the losses of sulfur (in relative percent) of X18ox and 
X27ox are 46 and 71 %, respectively).  
 
In order to get more understand the dependence of sulfur and redox state upon 
Se loss. Figure 5.18 shows the relation of those parameters. 
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Figure 5.18. Relationship of absolute sulfur loss and selenium loss with ratio of 
2+Fe
total Fe
. 
 
If we consider the decomposition of sulfur: 
 
SO 24   − ←⎯→   SO2 + 12 O2 + O
2-
 
In mildly reducing or in the presence of small amount of C, the decomposition 
of sulfate is said to occur easily even in low temperature (1200 °C). 35 
Especially for the excess input amount of sulfate, there are enough sulfates to 
continue the decomposition until high temperature (1400 °C). The tremendous 
SO2 bubbles swallow the left of Se at high T and makes Se loss reach 100 %. 
 
The analysis of the color is presented in table 5.6 and in the figures 5.18 to 5.19. 
 
Table 5.6. Color data of 0.1 % iron glass. 
 
Identifier Purity  L* a* b* brightness λdom,nm x y 
x19ox 0.0085 91 -1.52 1.12 78.4 551 0.3100 0.3193 
x19sox 0.0265 88 -0.63 2.63 71.4 572 0.3143 0.3218 
x19sre 0.0159 81 -1.02 1.61 58.3 566 0.3118 0.3203 
x23ox 0.0088 92 -1.5 1.16 81.5 553 0.3102 0.3193 
x23sox 0.0109 91 -1.39 1.34 79.2 559 0.3106 0.3196 
x23sre 0.0345 90 -0.19 3.38 76.3 577 0.3162 0.3228 
x27ox 0.0057 92 -2.01 0.56 80.8 509 0.3083 0.3185 
x27sox 0.0089 92 -2.20 0.20 79.9 499 0.3074 0.3179 
x27sre 0.0063 91 -2.05 0.49 78.1 506 0.3081 0.3184 
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Figure 5.19. Correlation of retained selenium and brightness in 0.1 % Fe2O3 
glasses. 
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wavelength (left graph) and purity (right graph). 
this group, the figures present some similar significant corresponding 
een dominant wavelength and purity to the amount of selenium. 
king back at the color results of the iron-free BQ group, we concluded that 
was the coloring agent and that increasing Se0 causes decreasing brightness 
increasing dominant wavelength and purity. This conclusion is confirmed 
n if we consider figures 5.18 and 5.19. The difference is in the latter case 
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that the coloring agent is FeSe instead. This means that Se0 and FeSe influence 
the color in a similar way, and both can be used for the decoloration. 
 
Figure 5.20 and 5.21 present the results of the 0.1 % Fe2O3 group in terms of the 
chromaticity and the color space diagram. 
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Figure 5.21. Chromaticity diagram of 0.1 % iron glasses. 
 
When we check the purity, some glasses do not exceed 2 % especially the 
oxidized ones. As experienced from the 0.05 % iron group, the purity alone 
cannot guarantee a good glass, we also have to consult the color space diagram. 
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Figure 5.22. Color space diagram of 0.1 % iron glasses. 
 
None of these samples can be counted as good glass; all are in the blue-green 
area with quite large a*, b* coordinates (see table 5.6). 
 
The next attempt is still committed to the high iron group, but narrows the scope 
of the experiment to the oxidized glass with 0.4 % sulfate in order not to being 
worry about 100% selenium loss. Sample X26 with 0.4 % sulfate, 0.6% sodium 
nitrate and 0.05% antimony input was selected as a new reference glass.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6 
 
Optimization of X26 glass 
 
This part of work deals with the systematical prediction of the amount of 
decolorizing constituents, i.e., Se and Co by means of vector addition and 
subtraction in the color space diagram. The parent batch with its main raw 
materials is reviewed again below: 
 
quartz glass   = 60.30  % 
alumina oxide  =   1.01  % 
calcium carbonate  =   1.48  % 
magnesium oxide  =   6.61  % 
soda ash   = 19.49  % 
 
6.1 Experimental 
 
The main raw materials are used in the same proportions as in chapter 4, but the 
minor ingredients are different (see table 4.3). In order to obtain the vectors of 
cobalt, selenium and ferrous selenide for these glasses, the following 
composition variations were tested as compiled in table 6.1. 
 
Table 6.1. Minor ingredients; variation for the X26 group. 
 
sample no. Fe2O3 Na2SO4 NaNO3 Sb2O3 Se Co 
 % % % % ppm ppm 
X26blank 0.1 0.4 0.6 0.05 − − 
vector Co   
X26Co4 0.1 0.4 0.6 0.05 − 4 
X26Co6 0.1 0.4 0.6 0.05 − 6 
X26Co9 0.1 0.4 0.6 0.05 − 9 
vector FeSe   
X26FeSe20 0.1 0.4 0.6 0.05 20 − 
X26FeSe40 0.1 0.4 0.6 0.05 40 − 
X26FeSe50 0.1 0.4 0.6 0.05 50 − 
vector Se   
X26Se10 − 0.4 0.6 0.05 10 − 
X26Se50 − 0.4 0.6 0.05 50 − 
X26Se200 − 0.4 0.6 0.05 200 − 
X26Se500 − 0.4 0.6 0.05 500 − 
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The calculated redox number of this group was approximately 17. The similar 
procedure of producing samples and the way to perform chemical analysis and 
color were chosen as previously (see 4.2). 
 
6.2 Results by XRF 
 
The actual amounts of the components of interest as analyzed by XRF are 
shown in table 6.2: 
 
Table 6.2. Results from XRF of the X26 group. 
 
sample no. Fe2O3 SO3 Se Co 
  % % ppm ppm 
X26blank 0.134 0.253 0 0 
vector Co  
X26Co4 0.135 0.238 0 3.9 
X26Co6 0.152 0.267 0 6.0 
X26Co9 0.140 0.247 0 9.2 
vector FeSe    
X26FeSe20 0.135 0.256 13 0 
X26FeSe40 0.143 0.237 15 0 
X26FeSe50 0.142 0.231 16 0 
vector Se      
X26Se10 <6 ppm 0.197 2 0 
X26Se50 <6 ppm 0.250 12 0 
X26Se200 <6 ppm 0.241 81 0 
X26Se500 <6 ppm 0.221 187 0 
 
 
6.3 Spectrophotometrical results 
 
6.3.1 Spectrum 
 
From the transmittance data, the amount of Fe2+ was computed (as stated in 
2.1.3) equal to 12.6 wt. % of total iron.  
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Figure 6.1. Transmission spectrum of X26 blank showing a large absorption 
peak of Fe2+. 
 
6.3.2 Color space diagram 
 
For creating color vectors in the color space diagram, it is essential to use the 
data of a*, b* coordinates which so far seem to decide whether or not the color 
of a glass is acceptable. 
 
Table. 6.3. Color data of X26 group. 
 
sample no. a* b* x y 
X26blank -2.67 1.31 0.3088 0.3203
vector Co 
X26Co4 -2.52 -0.94 0.3048 0.3159
X26Co6 -2.65 -1.57 0.3035 0.3148
X26Co9 -2.63 -3.60 0.2996 0.3108
vector FeSe    
X26FeSe20 -0.83 3.37 0.3156 0.3237
X26FeSe40 0.42 5.30 0.3208 0.3262
X26FeSe50 1.03 6.26 0.3235 0.3276
vector Se     
X26Se20 -0.44 0.70 0.3107 0.3177
X26Se50 -0.28 0.76 0.3111 0.3177
X26Se200 -0.09 0.81 0.3114 0.3177
X26Se500 0.41 1.02 0.3125 0.3178
 
Firstly, let us consider where the position of the blank glass is located in the 
color space (figure 6.2). 
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Figure 6.2. Color space diagram of X26 blank. 
 
The point A in the figure represents the X26 blank point. The color of the blank 
glass without minor constituents was a strong blue green influenced by Fe2+. 
Undoubtedly, the coordinates of a*, b* are quite out of our specification. 
 
To neutralize the green color of A, the opposite position B needs to be put to 
reality in some way. To obtain point B, the color vectors of Co, FeSe and Se 
with the compositions shown in table 6.1 were calculated from each spectrum. 
The desired vector B is realized by a suitable super-imposition. Figure 6.3 
illustrates the resulting color space of vectors. 
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Figure 6.3. Color space of glass X26-vector group. The points are renamed 
according to the amounts of the retained components. 
 
As expected, in glasses which contain selenium alone, no compensation can be 
achieved. The situation is better when the glass contains both iron and selenium. 
This seems to confirm the aspect that FeSe plays the main role in the 
decoloration process. In this case, the Co and FeSe vectors were taken into 
account. 
 
6.3.3 Color compensation strategy 
 
Figure 6.4 demonstrates the way to translate selenium and cobalt quantities to 
the color map in figure 6.3. 
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Figure 6.4. Illustration of suitable super-imposition to realize the compensation 
vector B 
 
Let b denotes direction and quantity of FeSe, the terminal point D represents the 
maximum amount of 16 ppm. c denotes as the direction and quantity of Co, the 
terminal point E represents the 9 ppm maximum amount of Co. Then the 
suitable combination of amount FeSe and Co is determined. 
 
In conclusion, for the glass containing 0.1 wt. % iron oxide and 13 % Fe2+, it 
might be possible to decolorize with approximately 14 ppm of FeSe and 7-8 
ppm of cobalt under the assumption that all input selenium becomes ferrous 
selenide. 
 
6.4 Experimental verification 
 
On the basis of the above investigation, the glass samples called sample A and B 
were melted with the main batch composition X26, but input selenium and 
cobalt expected to yield a glass with 14 ppm FeSe and 7-8 ppm Co. For cobalt, 
there was no difficulty but for selenium it is a fact to remark that the volatility of 
selenium and its compounds when present in glass is too difficult to estimate the 
exact amount of retention especially on account of the very small amount in 
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ppm level of laboratory scale. Prior to previous experiments, the relative 
guidance input selenium had to be used, i.e., 30 ppm. 
 
6.4.1 Results 
 
As it appears in table 6.4, the precise amount of selenium 14 ppm is 
unfortunately not achieved for glass A. But for glass B comes very close to the 
desired amounts of both Se and Co. The transmission of both glasses was 
investigated as illustrated in figure 6.5. 
 
Table 6.4. Results by XRF.  
 
Samples SO3,% Fe2O3,% Fe2+,% Fe2+/Fe2O3 Co,ppm Se,ppm 
A 0.191 0.142 11.2 0.112 5.9 6 
B 0.249 0.141 10.04 0.104 8.0 15 
x26blank0.253 0.134 12.6 0.126 0.0 0 
 
 
igure 6.5.Transmission spectrums of samples A and B compared to X26 blank. 
 is obvious that due to the decoloration, the spectrum curves become parallel to 
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It
the abscissa like it is supposed to be. Spectrum A and B show the characteristic 
absorption peaks of cobalt. Unfortunately, it is also obvious that cobalt strongly 
diminishes the brightness. This would yield a neutral grey, however, quite dark 
glass. Figure 6.6 shows the linear absorption coefficients of cobalt oxide from a 
literature to more precisely display its absorption characteristic. 
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Figure 6.6. Linear absorption coefficients of cobalt oxide in soda-lime-silica 
glass.20
 
The quantities of color data were critically evaluated as summarized in table 6.5. 
 
Table 6.5. Color data for X26 blank the verified samples. 
 
Samples Purity L* a* b* brightness λ dom,nm x y 
A 0.0098 89 -1.12 1.12 64 559 0.3106 0.3192 
B 0.0120 88 0.05 1.08 60 578 0.3123 0.3183 
x26blank 0.0086 93 -2.67 1.31 83 532 0.3088 0.3203 
 
As experienced in color evaluation in lots of factory samples, we have noticed 
that purity and brightness do not always play a main role to ensure a good glass, 
particularly at such high amount of iron. It is apparent that for really “bright” 
glass the proportion of iron should be appreciably below this value. In general, a 
brightness of about 80% could be regarded as a target for a good flint neutral 
color. However, if no low-Fe raw materials are at hand, one can at least make a 
color-neutral glass. The color space of samples was further on investigated in 
figure 6.7. 
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Figure 6.7 Color space diagram of X26 blank the verified samples. 
 
Both glasses A and B are compensated in an acceptable way. Glass B is in a 
more preferable position than A. For completeness, the chromaticity diagram is 
also presented in figure 6.8. 
  
0.305
0.31
0.315
0.32
0.325
0.33
0.3 0.305 0.31 0.315 0.32
x
y
2% saturation
C
blank
B
A
520
540
560
580
600 to 780 nm
500
490
380 ot 480 nm
white spot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.8 Chromaticity diagram of X26 blank glass and sample A, B; point C 
denotes the white spot. 
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Both samples lie within the 2 % saturation limit. A has a higher brightness than 
B. The superiority of B, however, can only be read from the color space 
diagram. 
 
When we compared the color space diagram for B and the good samples 
collected from the factory, a fairly good agreement was achieved as shown in  
figure 6.9. 
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Figure 6.9. Color space diagram of B and good glasses. 
 
Glass B can be merged well among good glasses. This is in fact, an interesting 
result. It shows that the strategy suggested is well suited to effectively 
decolorize a glass, even at an unrealistically high Fe content. 
 
 
 
 
 
 
Chapter 7 
 
Conclusion 
 
It was the objective of the presented thesis to investigate the role of selenium in 
the industrial decoloration process. For this purpose, it was necessary to 
investigate the chemistry of Se in flint glass melts as a function of Fe content 
and redox state as well as of industrial production parameters, like pull rate, 
energy input, furnace temperature. 
 
The work performed within the scope of this thesis comprised the following 
areas: 
 
• investigations on industrial flint glass samples collected over a production 
period of March to June 2000, namely, 
- chemical analysis for total Se, total Fe, and Co 
- color analysis (dominant wavelength, saturation, brightness; L-a-b color 
space coordinates), 
- compilation of furnace data (pull rate, energy input, heat flux, stay time, 
furnace temperature) and batch composition over the observation period; 
determination of Se retention as a function of these parameters; 
 
• lab scale investigations, namely 
- preparation of flint glass samples: perfectly iron-free, and with varied 
iron, selenium, sulfur, and cobalt contents 
- chemical analysis and color analysis like with the industrial samples 
 
• thermodynamic calculations of the equilibria in the system Na-O-Se. 
 
A speciation of Se in the glasses would not be performed due to the low 
concentration of only 2 ppm of retained Se. Likewise, no variation were done 
with respect to different Se carriers in the batch, which might have an effect on 
the level of retained Se. 
 
According to the quality control of factory involved, the following thresholds 
were adopted to distinguish between good and bad color quality: 
 
-1.0 < a* < +0.3 
-1.0 < b* < +1.3 
L > 90 % 
brightness > 80 %,  
purity < 1.8 % in the range 480 to 520 nm of the dominant wavelength, and  
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< 1 % in the range of 530 to 570 nm (maximum sensitivity of the human eye). 
 
As to the factory samples: about 9 ppm Se was added to the batch, nearly 80 % 
were lost, 20 % retained in the glass. Color defects were definitely traced back 
to an unduly high Se loss. It was found that the increase of the pull rate did not 
have an unanimous effect on the Se loss. The shortened stay time of the melt in 
the tank and the increased heat flux from crown to melt had a counter-directed 
effect. Color defects could, however, be attributed to an undue increase of the 
temperature in the combustion space. This should be avoided by any means. 
Utmost care must of course be taken to keep the redox state of the melt and the 
iron content of the raw materials constant. But this goes without saying and is 
not specifically stressed here. 
 
The results from laboratory show that the ratio of ferrous to total Fe, as well as 
the total amount of sulfate play an important role for Se loss. With respect to the 
investigated batch composition with an iron content not over 0.05 wt. %, the 
quantity of input sulfate should be around 0.4 wt. % and Fe2+/total Fe should not 
exceed 0.12. Otherwise, the loss of selenium reaches 100 %. Oxidizing 
conditions (redox number is between 14-17) was found the most appropriate 
conditions to yield the best color properties as stated by the industrial samples 
investigations. 
 
The comparison of transmission spectrums between an iron-free glass (retained 
Se was 220 ppm) and an industrial sample (retained Se was only 2 ppm, iron 
content was 0.025 %) showed the same position of the absorption peaks. 
Although the retained selenium is quite different, but the much higher extinction 
value of ferrous selenide (see figure 2.5), even small amount can cause the 
obvious peak. That means in commercial practice, FeSe is the dominating 
coloring agent.  
 
This goes together well with the calculated stability diagrams for the system  
Na-O-Se. They predict at T<1000 °C, for log pO2 = 0 to -8, Na2SeO3 as the main 
stable phases with the minor amount of Na2Se. At higher temperature, T = 1400 
to 1500 °C, Na2Se together with Se become the main phases for log pO2 = -1 to 
reducing conditions. In conclusion, at the melting temperature of glass process 
for atmosphere condition with log pO2 0 to –5, main phases are Na2Se and Se. 
The Na2O activity was adjusted as 10-8 in these calculations with the reaction: 
 
It is now reasonable to say that the main reactions for FeSe generation read: 
 
FeO + Na2Se ←⎯→   FeSe + Na2O 
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and,   3Se + 2FeO  ←⎯→   2FeSe + SeO2. 
 
FeSe is in fact the important compensator in the decoloration in Fe containing 
glass. Finally, in view of the shortage of low-Fe sands in tropical countries, the 
possibility to decolorize a 0.1 wt. % Fe2O3 containing glass was investigated. 
The task was solved by evaluating the analytical results in terms of “color 
vectors” in the color space diagram and determining in this way the required 
amounts of Se and Co input. 
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